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Ultra-high temperature (UHT) treated milks have a typical shelf life of 9 – 12 months. 
Sedimentation in UHT milks is a storage stability problem which reduces customer acceptance. 
The aim of this research was to understand the mechanisms of sedimentation and finds ways 
to reduce it. 
Two pilot scale UHT plants were used for producing UHT milks. Both plants were capable of 
direct heating with steam or indirect heat by heat exchange. Sedimentation in both direct and 
indirect UHT milks was studied at different storage intervals for up to 25 weeks. The UHT 
milks were stored at 20 °C in a dark temperature controlled room. Sediment weight, pH, ionic 
calcium, micelle size and zeta potential were measured at different intervals. Sediment 
composition was analysed using chemical and PAGE techniques.  
The UHT sediment was mostly protein and minerals. Sediment contained mostly κ-depleted 
caseins and some whey proteins. Indirect sediment had more whey protein that direct. Based 
on literature and obtained results a four step mechanism was hypothesized. During UHT 
treatment casein micelles are sterically destabilized due to κ-casein dissociation (Step 1 
destabilization). During UHT treatment, β-lactoglobulin denature and associate with casein 
micelles and restore some of the lost steric stability (Step 2 stabilization). These modified 
casein micelles aggregate together by ionic calcium bridging (Step 3 aggregation) during 
storage and then settle to the bottom of the container (Step 4 settling). 
To validate the mechanism multiple trials were conducted using the two different UHT plants. 
Sediment weight was measured after 4 weeks of dark storage at 20 °C. Different 
physicochemical properties of the milk post UHT were measured - pH, ionic calcium, ionic 
conductivity, whey protein denaturation using HPLC, κ-casein dissociation and β-lactoglobulin 
association using PAGE, particle size distribution using a Malvern Mastersizer, micelle size 
and zeta potential using a Malvern Zetasizer, and water of hydration of micelles. 
To isolate the effect of temperature from other phenomenon during direct steam injection 
(60 °C s-1 heating rate, steam shear, liquid-vapour interface and steam bubble cavitation) 
destabilization and stabilization was studied by heating milk from 4 °C to 70 °C.  
Destabilization was studied by attempting to create UHT milks with different amount of κ-
casein on micelle surface post UHT. Two techniques were used: 1) heat treatment at different 
pH values, 2) transglutamination at different temperatures.  
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Stabilization was studied by increasing β-lactoglobulin association with casein micelles by 1) 
changing casein to whey protein ratio (70:30, 75:25, 80:20) by adding whey protein isolate, 2) 
modifying direct UHT process to have either a 5 minute pre heating step or an additional 5 
minute post-flash heating step at temperatures above which whey protein denaturation occurs 
(80, 90 and 100 °C). A mixed UHT (different combinations of direct and indirect steps) trial 
was done to find which part of indirect UHT process results in increased stability of the casein 
micelles against sedimentation. 
Aggregation was studied by changing ionic strength of milk using monovalent and divalent 
cation salts to test if the ionic strength or ionic calcium bridging is more important in 
sedimentation.  
It was concluded that destabilization in the UHT process cannot be reduced. Due to the given 
heating profile of a direct and indirect UHT, destabilization adversely affects stabilization in 
direct UHT process but not in indirect.  
It was also concluded that stabilization does not depend on just the amount of β-lactoglobulin 
associating with the micelles but the conformation of the β-lactoglobulin attaching to the 
micelles is also important. It was concluded that the conformations of β-lactoglobulin attaching 
to micelles during indirect heating imparts better stabilization of the micelles than indirect 
cooling. 
It was concluded that ionic calcium bridging and not ionic strength leads to aggregation of the 
casein micelles.  
Overall the mechanism holds true, but is more nuanced than originally hypothesized. 
Destabilization affects stabilization. Stabilization also depends on the conformation of β-
lactoglobulin polymers associating with micelles.  
Direct UHT process can not be modified to reduce sedimentation sufficiently. Slow heating in 
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Table 1.1: Nomenclature 
Symbol Meaning 
𝐶𝑎 
Concentration of aggregated β-lg in the supernatant (disulphide linked and 
hydrophobically-bonded) (µmol kg-1) 
ci Concentration of the ion i 
𝐶𝑘 Maximum concentration of β-lg that can associate with the micelle (µmol kg
-1) 
𝐶𝑚 Concentration of β-lg associated with the micelle (µmol kg
-1) 
𝐶𝑛 Concentration of native β-lg (µmol kg
-1) 
𝑑 Particle diameter 
Ea Activation energy 
𝑔 Acceleration due to gravity 
𝑘1 Denaturation rate constant for β-lg (µmol kg
-1) (1-n) s-1 
𝑘2 Association rate constant (µmol kg
-1)-1 s-1 
n Reaction order 
𝑉𝑔  Sedimentation velocity of the particle 
zi Charge on the ion i 
𝜌𝐼 Continuous phase density 
𝜌𝑃 Particle density 
𝜂 Continuous phase viscosity 
𝑤𝑝,𝑡𝑜𝑡𝑎𝑙 Total mass fraction of protein in the centrifuged sediment plug 
𝑤𝑝,𝑠 Mass fraction of protein in the sediment particles 
𝑤𝑝,𝑚 Mass fraction of protein in the surrounding milk 
𝑤𝑎,𝑡𝑜𝑡𝑎𝑙 Total mass fraction of ash in the centrifuged sediment plug 
𝑤𝑎,𝑠 Mass fraction of ash in the sediment particles 
𝑤𝑎,𝑚 Mass fraction of ash in the surrounding milk 
𝑤𝑙𝑓,𝑡𝑜𝑡𝑎𝑙 Total mass fraction of lactose/fat in the centrifuged sediment plug 
𝑤𝑙𝑓,𝑠 Mass fraction of Lactose/fat in the sediment particles 
𝑤𝑙𝑓,𝑚 Mass fraction of Lactose/fat in the surrounding milk 
𝑤𝑠 Total mass fraction of the Sediment particles 
𝑤𝑚 Total mass fraction of the surrounding milk 
𝑤𝑤,𝑚 Mass fraction of water in the surrounding milk 
𝑤𝑤,𝑡𝑜𝑡𝑎𝑙 Total mass fraction of water in the centrifuged sediment plug 
𝑤𝑐,𝑠 Mass fraction of casein in the sediment particles  
𝑤𝑤,𝑚𝑖𝑙𝑘  Mass fraction of water in the original milk 
𝑤𝑝,𝑚𝑖𝑙𝑘  Mass fraction of protein in the original milk 
𝑤𝑎,𝑚𝑖𝑙𝑘  Mass fraction of ash in the original milk 
𝑤𝑙𝑓,𝑚𝑖𝑙𝑘  Mass fraction of Lactose/fat in the original milk 
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Table 1.2: Abbreviations and Acronyms. 
Acronym Meaning  
DSI Direct steam injection 
lf Lactoferrin 
PDI Poly dispersity index 
PHE Plate heat exchanger 
SDS PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
SMP Skim milk powder 
THE Tubular heat exchanger 
UHT Ultra high temperature 
WPI Whey protein isolate 
Z.P. Zeta potential 








Ultra high temperature (UHT) processing of milk destroys the spoilage causing bacteria and 
enzymes. Aseptically packed UHT milk has a long shelf life of 9 – 12 months and does not 
need refrigerated storage. This makes UHT milk a desirable nutritional product. 
The global UHT milk market in 2012 was valued at USD 60.8 billion, and is estimated to reach 
a value of USD 137.7 billion in 2019. Europe had the largest share of UHT milk market in 
2012, but the market growth in Asia Pacific is expected to make it the global leader by 2019 
(Research, 2014).  
New Zealand UHT milk exports amount to NZD 106 million, with the Philippines and China 
being the largest importers, importing NZD 40 million and NZD 22 million of products 
respectively in 2012. Due to urbanization and the growing purchase power in China, the 
demand for quality dairy nutrition is increasing. New Zealand exports of UHT milks to China 
increased from NZD 1 million in 2007 to NZD 22 million in 2012. The market in China is 
expected to continue to grow at a very fast rate over the next couple of decades and opens a 
huge opportunity for New Zealand companies. 
Depending on the mode of heating there are two types of UHT plants, direct and indirect. Direct 
UHT milk has better organoleptic properties as compared to indirect UHT milk. However, 
direct UHT milk exhibits some quality defects more frequently than indirect. Some of the most 
common defects include fat separation, sediment formation, and age gelation. 
Sedimentation in the UHT milk has not been widely studied. Research in the area of 
sedimentation is mostly focused on mineral fortified UHT milks. The literature suggests that 
two main factors affecting sedimentation in UHT treated milk are low pH and high ionic 
calcium levels, with the critical value of pH 6.5 and ionic calcium of 2.0 mM. However, milks 
with same pH and ionic calcium values can exhibit different sedimentation during storage, 
when processed with direct or indirect mode of UHT.  
The main objective of this study is to develop understanding of the mechanisms of 
sedimentation in UHT milks and develop processing solutions to mitigate it. The scope of this 
study includes both direct and indirect UHT processing. The scope is limited to plain white 
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skim milk and milk containing 1.5% fat. The scope is also limited to New Zealand fresh 





Sedimentation in the UHT milks is a storage stability problem. UHT milk is a strategic growth 
area for New Zealand dairy exporters and better understanding of the sedimentation 
mechanisms is necessary to find processing solutions.  
This literature review is carried out to (1) summarize the current state of knowledge about 
sedimentation in the UHT milk, (2) summarize different types of UHT equipment used in the 
dairy industry, and (3) propose mechanisms for sedimentation in UHT milk. 
 UHT MILK SEDIMENTATION 
Sedimentation in the UHT treated milk reduces customer acceptability. Sediment can occur 
either immediately post processing or during storage. If the sediment starts appearing 
immediately after processing, then the sedimentation would have begun during processing.  
Thermal treatment of milk often creates aggregates of denatured protein, fat, lactose and 
inorganic salts of varying composition (Datta et al., 2002). These aggregates either sediment 
or clump together on the surface depending on their size, specific weight, and electric charge 
(Datta et al., 2002). The amount of sediment depends on several factors including raw milk 
quality, type and severity of heat treatment, homogenizer location in the process, homogenising 
pressure and storage temperature (Datta et al., 2002). 
The biological quality of the raw milk determines the amount of heat resistant enzymes in the 
milk like proteases of bacterial origin. Milk also contain heat stable native proteases called 
plasmin. Some heat resistant enzymes can survive the UHT treatment and cause proteolysis of 
caseins, which results in the coagulation of the hydrolysed caseins, which will form sediment 
(Chavan et al., 2011). 
Samuelsson and Holm (1966) demonstrated that indirectly heated UHT milk produced more 
sediment than the directly heated, immediately after heating and after 20 and 45 days storage. 
In contradiction Corradini et al. (1967), Perkin et al. (1973), and Ramsey and Swartzel (1984) 
reported that directly heated UHT milk (described in Section 2.3) produced more sediment. 
Perkin et al. (1973) demonstrated that to achieve same sporicidal effectiveness, directly 
processed milks produced twice as much sediment as indirectly processed milk after storage 
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for 100 days. Previous unpublished work at Fonterra Research and Development centre also 
found that direct UHT milk produced more sedimentation (Schalk et al., 2013). Less 
sedimentation that is observed in the indirectly heated UHT milk has been related to the steric 
stabilisation of the casein micelles due to complexation of the denatured β-lactoglobulin with 
κ-caseins on the micellar surface (Schalk et al., 2013). Indirect UHT treatment causes 
denaturation of over 90% of β-lactoglobulin initially present in the milk, most of which forms 
complexes with κ-caseins on the micellar surface. However, in the direct UHT treatment, only 
50% of the initially present β-lactoglobulin in the milk is denatured, of which only half form 
complexes with the κ-caseins on the micellar surface (Oldfield, 1996). As a result, the indirect 
UHT treatment may result in producing a micellar species which is sterically more stable to 
aggregation as compared to those formed by the direct treatment. 
Burton (1968) proposed that sediment will only appear in stored UHT milk cartons if the 
sediment forming material has not already deposited on the equipment surface during 
processing. Infusion and injection high heaters have a low surface area and a residence time of 
less than a second each. The evaporative cooling, also known as flash cooling, that follows the 
direct high heaters also has a residence time of less than a second. As the fouling forming 
particles would not have sufficient surface area and time to deposit during processing, these 
would then settle at the base of the milk cartons upon storage. The type B deposits (milk 
deposits formed on heat exchanger surface above 100 °C) observed in indirect UHT high 
heaters contain 70-80% minerals, 15-20% proteins, and 4-8% fat (Burton, 1968). If the fouling 
forming particles make up the sediment, then the majority of the sediment in the milk would 
contain minerals, which is not the case. It is possible that the fouling deposit forming particles 
may form the initial sediment during the first week or so of the storage, but proteins make up 
the majority of the sediment over storage. Ramsey and Swartzel (1984) and Hawran et al. 
(1985) have reported higher sedimentation rates for the first week of storage, followed by a 
lower but constant rate over a 25 week period. A composition analysis of the sediment formed 
during the first week could easily demonstrate if in fact type B deposits are the ones that form 
the early sediment.  
Zadow (1975) reported a general observation that downstream homogenization reduced 
sedimentation and fat separation. Samuelsson and Holm (1966) also mentioned that 
sedimentation is reduced by homogenizing the UHT treated milk. However, studying the 
sediments formed by the directly processed UHT milks upon 100 days of storage, both by 
injection and infusion treatment, Perkin (1978) reported no measurable effect of homogenizer 
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location on the amount of sediment, but no data was supplied to substantiate the observation. 
Perkin (1978) also reported that sediment formed with steam injection had a sludge like 
appearance while the sediment produced with infusion was of a gritty nature, and this 
difference was apparent with upstream homogenization. Deeth and Datta (2011) reported that 
homogenization is performed after the high-heat section in direct heating systems to break up 
large casein aggregates which may form in the process. The so-called micellar aggregates here 
may not be just micelles that have associated to each other (due to β-lactoglobulin mediated 
cross linking, or due to ionic calcium bridging, or due to change in the micellar zeta potential) 
which are broken by homogenizer (Figure 2.1(a)), but micelles and fat aggregates that may 
form during direct steam injection heating reported by Hostettler and Imhoff (1963) (Figure 
2.1(b)).  
 
Figure 2.1 A schematic diagram showing the breaking of casein aggregates by homogenizer; (a) non-fat related 
aggregates, (b) fat related aggregates. 
Boumpa et al. (2008) studied the sediment formed in indirectly heated UHT fresh goat’s milk 
and found that the deposit was mainly composed of fat and protein, with the mass ratio of 
fat:protein ranging between 1.43:1 and 1.67:1, and minerals forming less than 5% of the dry 
deposit weight. The maximum amounts of phosphorus and calcium were found to be 2.32% 
and 1.63%. By indirectly UHT treating bovine milk with fat levels of 0.5, 1.5, and 3.2%, 
Hawran et al. (1985) demonstrated that fat levels had no significant effect on sediment 
formation. Lawn (2003) while investigating sedimentation in different UHT products made at 
the Mainland factory in Christchurch reported that sedimentation was more frequently 
observed in beverages with less fat content. Datta et al. (2002) stated that sediment found in 
the bovine UHT milk contains aggregates of denatured protein, fat, lactose and inorganic salts 
of varying composition. At this stage no published work was found that quantified the full 







literature does suggest that the majority of the sediment formed in the bovine UHT milk is 
proteinaceous in nature (Zadow, 1971), containing mainly casein and albumin (Samuelsson & 
Holm, 1966) and are depleted in κ-casein (Schalk et al., 2013). Sediments formed by indirectly 
heated UHT milk also contain higher levels of β-lactoglobulin than directly heated UHT milks 
(Schalk et al., 2013).  
Zadow and Hardham (1978) directly heat treated recombined low and medium heat skim milk 
powders, with and without added butter fat, using a direct steam injection method (not reported 
whether with or without homogenization), to temperatures of 140 – 150 °C for 3 s. The authors 
observed that processed milk started to show sedimentation below pH 6.62. Lewis et al. (2011) 
while studying indirect heat treatment of milk at 140 °C for 2 s reported that at pH values below 
6.6 sedimentation becomes significant. de Kort et al. (2012) reported that UHT treated micellar 
casein isolate solutions are stable against sedimentation at ionic calcium levels below 2 mM. 
Lewis et al. (2011) reported the ionic calcium levels below 2 mM to be the optimum 
concentration above which significant sedimentation will be observed in indirectly heated UHT 
milks.  
Phosphates and citrates are calcium chelators that have been reported to reduce ionic calcium 
in goat milk (Boumpa et al., 2008; Montilla & Calvo, 1997; Zadow et al., 1983), bovine 
micellar casein solutions (de Kort et al., 2011), and bovine milk (Tsioulpas et al., 2010). These 
authors studied the effect of calcium sequestering upon the stability of their respective systems 
against sedimentation. The use of stabilizers above a certain concentration caused the 
fragmentation of the micelles (de Kort et al., 2011). These fragmented micelles were more 
prone to aggregate and form sediment than the native micelles. It was also reported that 
orthophosphates, added as stabilizers to the milk, form calcium phosphate complexes that 
precipitate on the micelles (Guo et al., 2003); while the citrates form calcium citrate salts that 
remain in the serum phase (de Kort et al., 2011). 
2.1.1. MECHANISMS OF SEDIMENTATION 
Sedimentation is governed by Stokes law. The sedimentation velocity, 𝑉𝑔(m s
-1), of a particle 
can be calculated using the following formula derived from the Stokes law where, 𝑑 (m) is 
particle diameter, 𝜌𝑃 (kg m
-3) is particle density, 𝜌𝐼  (kg m
-3) is continuous phase density, 𝜂 (Pa 
s) is continuous phase viscosity, and 𝑔 (m s-2) acceleration due to gravity. 
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𝑉𝑔  =  
𝑑2 (𝜌𝑃 −  𝜌𝐼)
18 𝜂
 𝑔 
Caseins form the majority of the sediment in the UHT treated bovine milk (Samuelsson & 
Holm, 1966). Dalgleish (1992) mathematically calculated that for the casein micelles of the 
largest size class described by Morr et al. (1973), having a sedimentation coefficient value 
(sedimenting velocity / sedimenting acceleration) of 2.2 x 10-10 s and diffusion coefficient value 
of 0.97 x 10-12 m2 s-1, the sediment rate is 0.12 cm per week; and for the casein micelle of the 
smaller size, having sedimentation coefficient value of 6 x 10-11 s and diffusion coefficient 
value of 2.5 x 10-12 m2 s-1, the sediment rate is 0.05 cm per week. It can be said that larger 
micelles will sediment without requirement of any aggregation causing significant sediment 
after 10 weeks. But the sedimentation will proceed at a faster rate if the micellar density or the 
micelle size is increased, regardless of the original micelle size. The sedimentation rate of the 
micelles will also increase if the viscosity of the aqueous phase of the milk is reduced. 
The remainder of this section speculates the impact of UHT process and storage conditions on 
variables in stokes law that affect sedimentation of casein micelles - milk serum viscosity, 
casein micelle density, and casein micelle size.   
The viscosity of the aqueous phase will decrease with increasing temperature and hence the 
sedimentation rate will increase. Thus, the storage temperature will have a significant effect on 
the sedimentation rate. 
An increase in the density of the casein micelle is possible during UHT processing of milk. As 
the calcium phosphate become less soluble with increasing temperatures, it can be expected 
that at UHT temperatures (140 °C – 145 °C) some calcium phosphate precipitation will deposit 
in the micelle (Dalgleish, 1992). The fouling deposits created by milk on a hot processing 
surface at temperatures above 100 °C contain 70% minerals (Burton, 1968). As opposed to the 
indirect UHT process, direct UHT process provides a very low surface area for the minerals to 
precipitate upon. The insoluble minerals will thus precipitate on the surface available to them, 
namely casein micelles (Wahlgren et al., 1990). As the salts have a higher density, they will 
increase the effective density of the micelles and consequently increase the micellar 
sedimentation rate. However, calcium phosphate precipitation is a reversible phenomenon and 
most of the precipitated calcium phosphate re-dissolves on cooling (Geerts et al., 1983; Pouliot 
et al., 1989). Another factor to be considered is the heat induced κ-casein dissociation from the 
casein micelles (Anema & Li, 2000; Anema et al., 2007; Singh & Creamer, 1992; Singh & 
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Fox, 1985). As the κ-casein is highly hydrated (Walstra, 2005a), its dissociation can also lead 
to an increase in micelle density and hence their propensity to sediment.  
An increase in the micelle size can be caused by the aggregation of the micelles with denatured 
whey proteins, especially β-lactoglobulin (Anema & Li, 2003a), or with other micelles 
(Walstra, 2005a). As the aggregation of the whey proteins with casein micelles results in a 
more stable micelle, the inter-micellar aggregation is of interest here and will be referred to as 
micellar aggregation. The micellar aggregation can occur due to the following reasons: 
 A decrease in the milk pH will neutralize the negative charge around κ-casein hairs and 
reduce the electrostatic repulsion between them (Walstra et al., 2006). As a result the 
erect κ-caseins will collapse and their stabilizing effect on the casein micelles will be 
lost. Upon approaching each other, such micelles will easily aggregate by hydrophobic 
interactions.  
 An increase in the concentration of the ionic Ca2+ in the aqueous phase of the milk will 
lead to an increased amount of free Ca2+ ions around the micelles. These Ca2+ ions can 
act as a bridge between two negatively charged amino acids on the casein micelles. If 
multiple bridges are formed they can cause a strong association between two micelles 
(Walstra et al., 2006). 
 The dissociation of the κ-caseins from the micellar surface will reduce the micelle’s 
electrostatic and steric stability (Holt & Horne, 1996; Walstra, 2005a). The κ-casein 
depleted micelles can aggregate through either hydrophobic interactions, or calcium 
mediated aggregation. The α and β-caseins which were earlier sterically protected by 
the κ-casein hairs, have phosphoserine clusters which have a high negative charge 
density. This can provide an ideal place for ionic bridge formation by Ca2+ ions. Hence, 
Ca2+ mediated aggregation will proceed at a faster rate in the κ-casein depleted micelles 
as opposed to the micelles with κ-caseins intact and erect. 
 Post UHT, components of the plasmin system can partially survive and may lead to the 
hydrolysis of caseins (Chavan et al., 2011). Plasmin has the highest affinity for β-
caseins, followed by α-casein, followed by κ-casein. Plasmin hydrolyses the 
hydrophilic portions of caseins, which diffuse in to the serum phase. The hydrolysed 




 PHYSICAL AND CHEMICAL REACTIONS AFFECTING SEDIMENTATION 
2.2.1. Κ-CASEIN DISSOCIATION  
The heat treatment of milk can cause a pH-dependent dissociation of casein from the casein 
micelles (Anema & Li, 2000; Anema & Klostermeyer, 1997; Singh & Creamer, 1992; Singh 
& Fox, 1985). This dissociation is also dependent on the temperature of heating, the duration 
of the heat treatment and the composition of the milk. In milk at its natural composition, very 
little dissociation occurs at ∼ pH 6.7 or below regardless of the temperature or duration of heat 
treatment (Anema & Li, 2000; Anema, 1998; Anema & Klostermeyer, 1997; Singh & Creamer, 
1992; Singh & Fox, 1985). As the pH is increased, the dissociation of casein increases, so that, 
at about pH 7.1, significant levels of κ-casein can be dissociated from the casein micelles. 
The composition of the dissociated casein is dependent on the temperature of heating. At 
temperatures up to about 70 °C, all the caseins are found in the dissociated protein; however, 
the proportions are altered from that naturally found, with κ-casein at higher levels, β-casein at 
about the same level and αs-casein at lower levels than that of the whole casein (Anema & Li, 
2000; Anema, 1998; Anema & Klostermeyer, 1997). As the temperature at heating is raised 
above 70 °C, the level of κ-casein in the dissociated casein continues to increase whereas the 
level of αs-casein and β-casein decreases so that a very κ-casein-rich protein is found in the 
milk serum on heating milk at slightly elevated pH (∼ pH 7.1) and at high temperatures (Anema 
& Li, 2000; Anema, 1998; Anema & Klostermeyer, 1997; Singh & Creamer, 1992; Singh & 
Fox, 1985). This change in dissociation behaviour at temperatures above 70 °C appears to be 
due to the denaturation of the whey proteins and their interactions with κ-casein, as removal of 
the whey proteins increases the level of αs-casein and β-casein dissociating at temperatures 
above about 70 °C (Anema & Li, 2000). 
Anema (1998) reported κ-casein dissociation levels in reconstituted skim milks containing 10% 
total solids at pH 6.7. The κ-casein found in serum at temperatures ranging from 20 to 120 °C 




Figure 2.2: κ-casein in milk serum at different temperatures in reconstituted skim milk containing 10% total solids at 
pH 6.7. (Redrawn from Figure 4(d) in (Anema, 1998)) 
2.2.2. WHEY PROTEIN DENATURATION AND ASSOCIATION WITH CASEIN MICELLES 
2.2.2.1. DENATURATION 
Heat treatment of β-lactoglobulin at neutral pH causes the dimeric native protein to dissociate, 
partially unfold, and aggregate via disulphide bonding; the rates and pathways are dependent 
on the protein concentration, pH, temperature and other factors. Two major self-aggregation 
features, or possibly mechanisms, are related to hydrophobic association and disulphide-bond 
interchange reactions (Havea et al., 2004).  
At temperatures up to about 65 °C, the overall tertiary structure of β-lactoglobulin in neutral 
solution changes reversibly. At this temperature, some irreversible reactions involving the 
disulphide bonds that are important for maintaining the native structure take place. The thermal 
energy available at higher temperatures allows the helix to lift away from the sheet to a small 
extent and allows this side chain to interact with the neighbouring disulphide bond within the 
confines of a hydrophobic cage (Creamer et al., 2004; Lowe et al., 2004). Increased exposure 
of previously buried hydrophobic groups and the free Cys121 initiates aggregation via thiol-
disulphide exchange that can then result in further aggregation via hydrophobic association. 
The pathways of redistribution of the free thiol group during the denaturation reaction have 
been extensively studied (Creamer et al., 2004; Croguennec et al., 2003; Croguennec et al., 
2004; Livney & Dalgleish, 2004; Surroca et al., 2002).  
Schokker et al. (1999) used size exclusion chromatography to monitor the heat-induced 
aggregation of β-lactoglobulin at neutral pH. These authors showed that aggregation occurs via 
































covalent interaction. Thus, the protein can be considered to be in one of many states, namely 
the native fold or one of a range of non-native folds and containing non-native disulphide 
bonds.  
Sava et al. (2005) investigated the kinetics of heat-induced structural changes of β-
lactoglobulin by following the solubility, turbidity, surface hydrophobicity and sulphydryl 
group of β-lactoglobulin when heated between 67.5 and 82.5 °C at pH 7.5 for various times. A 
first-order fractional conversion model was applied to describe the heat-induced changes in the 
surface hydrophobicity of β-lactoglobulin and the decrease in the slow reacting SH groups. 
These showed a temperature dependence of the k values (rate constants). 
In contrast, the kinetics describing the heat-induced changes in surface SH groups of β-
lactoglobulin solutions showed a break in the Arrhenius plot at 80 °C (Sava et al., 2005). These 
authors explained this as arising from the complexity of the irreversible thermal denaturation 
process of β-lactoglobulin, which involves a number of successive reaction steps. Roefs and 
Kruif (1994) recognize these steps as an initiation, a propagation and a termination step by 
analogy with polymer radical chemistry. 
Sava et al. (2005) suggested different rate-determining steps involving the participation of two 
consecutive reactions in the denaturation process. At lower temperatures (67.5-78 °C), the rate-
determining step is unfolding of the molecules, whereas, at higher temperatures (78-82.5 °C), 
the self-aggregation process involving unfolded molecules becomes rate determining. 
2.2.2.2. ASSOCIATION WITH CASEIN MICELLES 
On heating milk, the denatured whey proteins can interact with each other and with the casein 
micelles. Considerable research has been done to decipher the specific reactions that are 
responsible. Multiple studies have shown that β-lactoglobulin can form a complex with κ-
casein on the micellar surface via thiol-disulphide exchange (Lowe et al., 2004; Sawyer et al., 
1963). Even though thiol-disulphide interchanges play the pre-dominant role, hydrophobic 
interactions alone have been shown to cause complex formation (McKenzie et al., 1971). To a 
very minor level, electrostatic and ionic interactions may also be involved. However, their 
involvement is controversial as ionic screening of calcium has been shown to promote (Smits 
& van Brouwershaven, 1980) as well as inhibit complex formation (Doi et al., 1981; Haque & 
Kinsella, 1987).  
12 
 
Interactions of the denatured whey proteins with the casein micelles are strongly pH dependent 
(Anema & Li, 2000; Anema & Klostermeyer, 1997; Anema & Li, 2003a, 2003b; Anema et al., 
2004). On heating milk at temperatures up to 100 °C , about 80% of the total of the denatured 
whey protein associates with the casein micelles at pH 6.5, and this level decreases with 
increasing pH so that, at pH 6.7, about 30% of the total is associated with the casein micelles, 
and, at higher pH, even lower levels are observed. This results in considerable differences in 
the micelle size. At pH 6.5, a marked increase in size of the casein micelles was observed, with 
the average size increasing by about 35 nm. As the pH was increased, smaller changes in 
particle size were observed so that, at pH 6.7, the size increase was only about 5 nm. At pH 
7.1, the particle size decreased by about 20 nm. This reduction is size was due to dissociation 
of κ-casein from the micelle surface. 
In heated milk, β-lactoglobulin/κ-casein complexes are found both in the colloidal phase 
associated with casein micelle, and in the serum phase.  
It is debatable whether denatured β-lactoglobulin first associates with the κ-casein on the 
micelle surface followed by dissociation of κ-casein from the micelle, or that the κ-casein first 
dissociates from micelle followed by its association with denatured β-lactoglobulin in the 
serum (Donato & Guyomarc'h, 2009). 
Micelle-bound complexes that had hydrodynamic diameters close to 20 nm were found on 
heating milk at 90 °C for 10-30 min (Donato & Guyomarc'h, 2009). In the serum phase 
complex sizes of 30-100 nm were reported (Donato & Guyomarc'h, 2009).  
Whey protein/κ-casein complexes, as isolated from the serum of heated skim milk were 
reported to have electronegative zeta potential values of –15 to –20 mV in milk ultrafiltration 
permeate at 25 °C at pH 6.7. The apparent isoelectric pH value was found to be 4.4-4.5, which 
is only slightly lower than that of casein micelles (Donato & Guyomarc'h, 2009). These 
complexes were reported to be more hydrophobic than non-heated casein micelle (Donato & 
Guyomarc'h, 2009). Donato and Guyomarc'h (2009) estimated the density of the complex to 
be ~ 1080 kg.m-3. 
2.2.2.3. DENATURATION AND ASSOCIATION QUANTIFICATION 
Whey proteins form 20% of milk proteins. Whey proteins are important in the functional 
properties of milk and milk products. They are globular proteins and are denatured by heat. β-
lactoglobulin constitutes about 50% of the total whey proteins. β-lactoglobulin contains two 
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disulphide bonds and one sulphydryl group per monomer. The sulphydryl becomes reactive 
when β-lactoglobulin is denatured by heat. The reactive sulphydryl group can undergo a 
sulphydryl-disulphide exchange with other whey proteins and κ-casein. This association of 
whey protein with κ-casein on micelle surface can restore some of the lost steric stability due 
to κ-casein dissociation.  
Theoretically β-lactoglobulin can associate with the casein micelle in three possible forms 
(Oldfield, 1996); (1) unfolded monomeric β-lactoglobulin, (2) polymeric β-lactoglobulin 
aggregates, and (3) β-lactoglobulin/α-lactalbumin aggregates.  
Oldfield (1996) studied the association of whey proteins with casein micelles by single step 
milk heating and then holding it for different intervals of time. He observed that not all the 
aggregated β-lactoglobulin associated with the micelle. Depending on the temperature and 
given enough time approximately 55% of the denatured β-lactoglobulin associated with the 
micelle. In the temperature region of 95 – 130 °C association occurred to a slightly lesser extent 
than at 75 – 90 °C.  
Oldfield proposed the following kinetic model for these protein interactions: 
𝐶𝑛
k1
→ 𝐶𝑎 + (𝐶𝑘 − 𝐶𝑚)
k2
→ 𝐶𝑚 
𝐶𝑛 = Concentration of native β-lg (µmol kg
-1) 
k1 = Denaturation rate constant for β-lg (µmol kg
-1) (1-n) s-1 
𝐶𝑎 =  Concentration of aggregated β-lg in the supernatant (disulphide linked and 
hydrophobically-bonded) (µmol kg-1) 
𝐶𝑘 = Maximum concentration of β-lg that can associate with the micelle (µmol kg
-1) 
k2 = Association rate constant (µmol kg
-1)-1 s-1 
𝐶𝑚 = Concentration of β-lg associated with the micelle (µmol kg
-1) 
n = reaction order 














𝑛 −  𝑘2 𝐶𝑎 (𝐶𝑘 −  𝐶𝑚) 




=  𝑘2 𝐶𝑎 (𝐶𝑘 −  𝐶𝑚) 
 
Table 2.1 Kinetic parameters for denaturation of individual β-lactoglobulin in skim milk.  
(Values for β-lg from Table 4.4 in (Oldfield, 1996)) 
Temperature range  Kinetic parameters with 95% confidence interval 
(°C) N Ea (kJ mol-1) ln(kref) 
70 – 90 1.3 ± 0.3 301.73 ± 31.58 -6.29 ± 0.18 
95 – 130 1.4 ± 0.2 51.18 ± 5.87 -3.19 ± 0.12 
 
Table 2.2 Kinetic parameters for β-lactoglobulin association with the casein micelles in skim milk.  
(From Table 4.11 in (Oldfield, 1996)) 
Temperature range Kinetic parameters with 95% confidence interval 
(°C) Ea (kJ mol-1) ln(k0) 
80 – 100 112 ± 37.14 28.03 ± 12.31 
100 – 130 7.29 ± 8.10 -5.69 ± 2.51 
 
This model can be used to predict the level of whey protein that will be associated with casein 
micelles at any given time temperature combination and so to modify the UHT process to allow 
for higher β-lactoglobulin association with casein micelle. 
2.2.2.4. ENZYMATIC HYDROLYSIS OF CASEINS 
Enzymatic and plasmin induced hydrolysis of proteins is outside the scope of this study. Bhatt 






2.2.2.5. INTER-MICELLAR AGGREGATION 
Different causes that lead to aggregation of casein micelles are listed in Table 2.3.  
During the storage of plasmin free UHT milk, out of the list of causes of micellar aggregation 
in Table 2.3, ionic calcium mediated bridging is the only logical possibility. Ionic calcium 
bridges are very short-lived. Numerous bonds must simultaneously be formed between 
micelles for the contact to be lasting (Walstra, 2005a). 






Aggregation at Low 
Temperature? 
Long Storage (age gelation) Yes No  No 
At air-water interface Spreading No No 
High temperature (heat coagulation) Chemically No - 
Acid to pH~4.6 No CCP left (yes)a No 
Ethanol Presumably No ? 
Renneting Κ-Casein split No No 
Excess Ca2+ More CCP Yes ? 
Freeze plus thawing Presumably (Yes)b - 
Addition of some polymers No Mostly Yes 
CCP = colloidal calcium phosphate. 
a at neutral pH, the aggregates dissolve again but the natural micelles do not reappear. 










2.2.3. PROPOSED CONCEPTUAL MODEL FOR SEDIMENTATION 
A four-step conceptual mechanism is proposed for sediment formation in the UHT milks and 
a schematic diagram is how below in Figure 2.3 
 
Figure 2.3: A schematic diagram of the steps preceding sedimentation in the UHT milk. 
The steps are as below: 
1. Destabilization: During UHT treatment, some of the κ-caseins present on the casein 
micellar surface dissociate and render the micelles sterically less stable. 
2. Stabilization: During UHT treatment, the whey proteins denature and attach to the micelle 
surface through thiol-disulphide exchange and compensate for some of the lost steric 
stability.  
3. Aggregation: During storage, the destabilized micelles aggregate via ionic calcium 
bridging. 
4. Settling: During storage, the aggregated micelles settle faster due to an increase in their 








 UHT PROCESS AND EQUIPMENT 
Typical steps involved in a UHT process are given below in Figure 2.4.  
 
Figure 2.4 Steps involved in UHT processing of milk (adapted from Datta et al., 2002). 
The minimum time–temperature combinations for UHT heating are dictated by the need to 
destroy the thermophilic bacterial spores (line C in Figure 2.5) while the maximum time–
temperature combinations are those causing the maximum acceptable amount of chemical 
damage, usually set at 3% destruction of the B vitamin, thiamine (line B in Figure 2.5). In 
practice, the lowest temperature used is that at which the spores are destroyed in a reasonable 
time (~135 °C) while the upper limit is determined by the capability of the equipment (~150 
°C); very short holding times (fractions of a second) at elevated temperatures are practically 
Raw Milk (fresh / reconstituted / recombined)
Preheating and heat generation
Homogenization (most indirect systems)
Holding at a preheat temperature
Heating to sterilization temperature
Holding at sterilization temperature
Cooling
Homogenization (direct, indirect systems)
Cooling
Aseptic packing
Storage of packaged UHT milk
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impossible to achieve with most equipment. However, a recent Dutch invention, innovative 
steam injection (ISI), is capable of heating milk at temperatures up to 180 °C for a very short 
time, of about 0.2 s (Deeth & Datta, 2011). 
 
Figure 2.5 Limiting lines for destruction of spores and effects on milk (Bylund, 1995). 
 
Nominal holding times are based on the average velocity of the particles in the process. The 
residence time distribution in the holding tube is particularly significant for destruction of heat-
resistant bacterial spores as the time taken for the fastest moving spores to traverse the holding 
section can be half that taken by the average particle (for laminar flow only), that is, the nominal 
holding time (Deeth & Datta, 2011). If the flow is not turbulent, the rate of different physico-
chemical reactions in milk will also differ due to poor mixing. Components closer to the hot 
surface of the process will be overcooked. 
The homogenization step in UHT processing can be upstream or downstream of the 
sterilization step. In the case of downstream homogenization, aseptic homogenizers are used 
to reduce the milk fat globule diameter from ~3 µm to ~0.5 µm. New smaller globules are 
coated with a membrane largely composed of casein. This size reduction of fat globules 
markedly reduces the rate at which the fat rises in milk (~36 times slower). A downstream 
homogenizer in direct UHT systems is also intended to break the casein aggregates that form 
during high heat stage (Deeth & Datta, 2011). 
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The heating step in UHT processing requires steam and the processing is performed under 
pressure (~ 0.4 MPa gauge) to prevent boiling (Deeth & Datta, 2011). In direct heating, steam 
is mixed with milk, and in indirect heating, the milk and steam are separated by metal (tube 
and plate heat exchangers). Direct steam injection and direct steam infusion are two types of 
direct heating modes shown in Figure 2.6. Different designs for steam injection nozzle are also 
shown in Figure 2.6. In the indirect system, steam can also be used to super heat water, which 
is then used as a heating medium. 
 
Figure 2.6 (a) steam infusion – milk spraying into a steam cloud , (b) steam injection – steam 
injecting into milk; venture shaped product tube (top), steam injected at a sharp angle across 
flow of product (middle) seam injected into expansion section of product venture tube 
(bottom). (adapted from (Bylund, 1995; Lewis et al., 2000)) 
 
The other ways of performing high heating rates include microwave, radiofrequency, inductive, 
ohmic, and electrical tube heating (Deeth & Datta, 2011). Out of these, only electrical tube 
heating has been used for UHT milk and milk products in some countries (Deeth & Datta, 
2011).  
In the case of products with high viscosity, scraped surface heat exchangers are used for 
heating. These are mostly indirectly heated although a variation utilizing direct steam injection 
heating is commercially available (Deeth & Datta, 2011).  






2.3.1. INDIRECT UHT 
Most common types of indirect UHT heating systems use tubular heat exchangers as plate type 
heat exchangers foul more readily. Indirect UHT plants can recover 80-95% energy during the 
regeneration step by using hot milk to heat the incoming cold milk. Plate systems achieve 
higher energy recovery as compared to tubular systems. In indirect systems the milk and 
heating fluid flow in counter current mode to provide a uniform heat flux. Counter current flow 
also minimizes fouling by reducing temperature differential between the two flows. The 
temperature differential should be not more than 3 °C (Deeth & Datta, 2011). Figure 2.7 shows 
the flow diagram of a tubular indirect UHT system with an upstream homogenizer. An 
upstream homogenizer has the advantage of not requiring the homogenizer to be aseptic.  
 
Figure 2.7 Flow diagram for an indirect (tubular) UHT system (Deeth & Datta, 2011) 
 


























A heating profile for indirect systems is shown in Figure 2.8 (with dotted lines). Initial heating 
is done by using the hot milk in the regeneration section. Many indirect systems include a 
preheat holding section (shown in Figure 2.7) where the milk is held at approximately 90 °C 
for 30 – 60 s, before being heated in the high heat section. This step is commonly referred to 
as protein stabilization section as it causes denaturation of much of the whey protein β-
lactoglobulin, and hence prevents it from denaturing and depositing on the walls of subsequent 
heating surfaces (Deeth & Datta, 2011). Fouling leads to pressure drop and a reduction in 
overall heat transfer coefficient across the heating surface. This limits the run time in plate 
systems to 8 - 12 h and in tubular systems to 16 - 20 h before partial or complete cleaning is 
required to remove the deposit. 
2.3.2. DIRECT HEATING SYSTEMS 
The flow diagram of a proprietary direct heating system utilizing plate heat exchangers for 
preheating and post flash evaporation cooling, are shown below in Figure 2.9. The steam 
infuser shown in Figure 2.9 can be replaced by a steam injector which may utilize any of the 
steam injection nozzle types as shown in Figure 2.6. Direct heating is used only in the high 
heat section.  
A key feature of the direct heating is the 60 - 70 °C product temperature increase in less than 
1 s. Steam is added to increase the product temperature utilizing the steam’s latent heat. For a 
60 °C rise in temperature the amount of steam condensed is about 11% of the product mass. 
After a brief holding period a flash vessel, under reduced pressure, removes the water taken up 
during direct heating step and reduces the temperature to approximately same temperature as 
before entering the direct heating section (approximately 70 – 80 °C). This rapid heating to 
achieve a higher temperature, followed by rapid cooling, achieves the same bactericidal effect 
with much less chemical change in the product than an indirect system. UHT milk produced 
by direct heating systems has lower cooked flavour intensity than indirectly heated milk. As 
indirect heating can be employed only for preheating and post flash evaporation cooling, the 




Figure 2.9 A flow diagram for a direct heating system using steam infusion. (Deeth & Datta, 2011) 
Due to limited fouling in the direct heating system (which only occurs in steam injectors where 
some of the hot product stream may contact the hot steam injector surface), a holding step prior 
to the high temperature section is not used, but it is used in indirect systems. The homogenizer 
is always located downstream to break the casein aggregates that form during direct heating. 
A steam injection process does impart some homogenization effect to the product, while the 
steam infusion process does not. Steam injection also produces cavitation. Table 2.4 
summarises the difference between processing characteristics and parameters, and product 
properties in direct and indirect UHT systems.  
Table 2.4 Comparison of direct and indirect UHT systems. (Datta et al., 2002) 
Parameter Direct system Indirect heating 
Processing characteristics and parameters 
Pre-heating (at ~ 90 °C) ‘protein 
stabilisation’ step 
Uncommon Widely used 
Sterilising temperature for 
equal -sterilisation effect 
3-4 °C higher than in 
indirect systems 
3-4 °C lower than in direct 
systems 
Homogenizer placement Generally after sterilisation 
(requires aseptic 
homogenizer) 
Before or after sterilisation 
Heat transfer coefficient 
(kW m-2 °C-1) 
110  – 230 
(film heat transfer 
coefficient) 
3.5 – 4.5 
(overall heat transfer coefficient) 
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Ability to process viscous 
product 
Reasonable, especially with 
infusion 
Little with plate but good 
capability with tubular 
Fouling/burn on Usually minimal Major problem, Tubular better 
than plate heat exchangers 
Run time Long (twice the length for 
plate-type indirect systems) 
Short (tubular longer than plate 
type 
Heat regeneration ~ 50% ≥ 90% 
Operating cost Higher than indirect  
Plant cost Higher than indirect  
High quality steam 
requirement 
Yes No 
Electric power requirement Higher than indirect  
Ability to reach very high 
temperatures (i.e. > 145 °C) 
Capable Limited 
Ability to destroy heat-
resistant spore formers 
without excessive chemical 
changes 
Better than indirect  
Process control issues Careful control of water 
removal after high heat 
treatment required to 
prevent concentration or 
dilution 
Need to control pressure 
increase and temperature 
differential between product and 
heating tube or plate as fouling 
layer builds up 
Possibility of contamination 
from heating medium through 
pinholes 
Nil for sterilising section 
Possible in regeneration and 
other indirect heating and 
cooling 
More significant than direct 
especially in PHEs 
Water requirement Greater (~1500 L water per 
1000  L product) than for 
indirect system 
Less than for direct systems 
Other process features Steam injection causes 
some homogenization 
De-aeration in the flash 
vessel 
Tubular is most common UHT 
heating system. Corrugated tubes 
used to increase turbulence 
Product (UHT milk) characteristics 
Flavour Less cooked, heated, stale; 
chalky if not homogenized 
after high heat  
More cooked, heated, stale than 
direct 
Oxygen level. (assuming, no 
head space in package, no use 
of aseptic tank, package not 
permeable to O2) 
Low (<1 ppm) High (7-9 ppm) 
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Sediment formation during 
storage 
Higher than for indirect Lower than for direct 
Susceptibility of age gelation Higher than for indirect Lower than for direct 
Plasmin and plasminogen level Neither completely 
inactivated 
Plasmin generally inactivated but 
some residual plasminogen may 
remain 
Fat separation Low, especially for steam 
injection 
More than direct 
Heat indices – HMF, lactulose, 
furosine 
Low Higher than direct 
Heat index – undenatured β-
lactoglobulin 
Medium low 
Folic acid and vitamin C 
retention 
Higher than indirect due to 
lower oxygen level 
low 
 
Tran et al. (2008) surveyed the temperature-time profiles of 22 Australian industrial UHT 
plants and 3 pilot plants. Plants surveyed were both direct and indirect UHT.  The authors 
reported a wide spread of heating conditions used, some of which resulted in a large margin of 
bacteriological safety and high chemical indices.  
2.3.3. COMBINATION DIRECT-INDIRECT SYSTEMS 
UHT systems combining both direct and indirect heating for the high heat section include the 
APV (High Heat Infusion) and the Tetra Pak (Tetratherm® Aseptic Plus Two). The heating 
profiles for these two systems are given in Figure 2.10. These systems allow for higher heat 
recovery over direct heating systems, but lesser than indirect systems; High Heat Infusion 
claims 75% heat recovery. The chemical changes caused to the milk are also of intermediate 
levels between direct and indirect heating systems. These combination systems use direct 
heating for a temperature rise of 20 – 30 °C, compared to 60 – 70 °C for direct heating systems. 
These two systems employ a different sequence of heating and cooling steps. In the High Heat 
Infusion system, the vacuum chamber is placed after preheating and before the high-heat 
sections, while in the Tetratherm® Aseptic Plus Two system, it is placed after the initial cooling 




Figure 2.10 Temperature-time profiles for combination direct-indirect UHT systems (adapted from (Deeth & Datta, 
2011). 
2.3.4. ELECTRICAL TUBE HEATING (ETH) 
In this process fluid is heated by passing through the stainless tubes that are heated by passing 
electric current through the stainless steel.  
An ETH system typically consists of a power supply (a transformer converting high-voltage, 
three-phase power to low voltage (18–60 V)); three sets of stainless steel heating tubes of 
matched resistances, each connected to one of the three phases of the transformed power 
supply; heat-regeneration heat exchange tubes for preheating the cold incoming raw material 
with heated product; and a control unit from which the final temperature of the product can be 
set. Commercial plants operate at high amperage (~500–600 amps) and power ratings up to 
500 kW (Deeth & Datta, 2011). While this technology is being used commercially for milk and 
other dairy products, there is limited available information on its application to these products.  
2.3.5. THE HOMOGENIZER LOCATION DURING UHT TREATMENT 
In production of UHT milk the homogenizer is generally placed upstream in indirect systems 
but always downstream in direct systems, i.e. on the aseptic side after UHT treatment (Datta et 
al., 2002). The homogenizer then is of aseptic design with special piston seals, packings, sterile 
condensate condenser and special aseptic dampers (Bylund, 1995) 
However, downstream location of the homogenizers is recommended for indirect UHT systems 
when milk products of fat content higher than 6 – 10% and/or with increased protein content 
are going to be processed (Bylund, 1995). The reason is that with increased fat and protein 
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temperatures. These clusters/agglomerates are broken up by the aseptic homogenizer located 
downstream. 
For UHT milk a total homogenization pressure of 200 – 250 bar is recommended (APV, 2008) 
 UHT MILK PRODUCTS 
UHT milk products include liquid milks (standard, and skim-milk), fortified milks to give extra 
nutrition, creams, and flavoured drinks. Apart from white milks most UHT beverages also 
contain different stabilizers and buffers to prevent phase separation. Some flavoured drinks 
also receive UHT treatment but are not packed in a sterile environment. These products have a 
shorter life than sterile packed milks and are stored at 4 °C. The scope of this study includes 
only sterile packed white UHT milk. 
 DIFFERENCE IN DIRECT AND INDIRECT UHT PROCESS AFFECTING SEDIMENTATION 
The direct high heating differs from indirect high heating both in flow and heating processes. 
A steam injector heater has a heating rate (approx. 60 °C s-1), and mixes steam into the milk, 
which is accompanied with physical phenomena of steam condensation leading to an 11% 
dilution of milk solids for 60 °C temp rise using 4 bar abs steam, steam bubble cavitation, and 
steam shear action. A steam infusion heater has the same heating rate as an injector, and the 
mixing of steam with milk also contains steam condensation leading to an 11% dilution of the 
milk solids. However, infusion is not accompanied by steam bubble cavitation, or high shear 
action. The two processes will also vary in terms of heating profile of the milk. In an injector 
heater the steam bubbles heat the bulk milk, while in an infuser the droplets of milk are heated 
by a steam cloud.  
2.5.1. FLOW AND HEATING PROCESSES ASSOCIATED WITH STEAM ADDITION 
2.5.1.1. HIGH HEATING RATES 
Heat induced κ-caseins dissociation from the casein micelles has been reported widely (Anema 
& Li, 2000; Anema & Klostermeyer, 1997; Singh & Creamer, 1992; Singh & Fox, 1985), but, 
the effect of the heating rate is not. If higher heating rate in direct UHT cause higher κ-casein 
dissociation, it would promote micellar aggregation and consequently sedimentation.  
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Calcium phosphate deposition on the micellar surface (Wahlgren et al., 1990) would increase 
sedimentation. In the direct UHT process, the heating and cooling takes less than a second, 
with a few seconds holding time in between, this precipitation might not occur at all, in which 
case the ionic calcium might act as a bridge between κ-casein depleted micelles promoting 
aggregation. 
2.5.1.2. BUBBLE CAVITATION 
Bubble cavitation is known to cause localised temperatures in the range of 1,000-5,000 K and 
pressures of up to 500 MPa (Suslick, 1990). Mahulkar et al. (2008) reported that temperature 
of steam bubble collapse was greater than 4,000 K. Depending on the bubble cavitation density 
and the impact that these high temperatures and pressures have on the various physico-chemical 
reactions in the milk, collectively they can become a significant cause of higher sedimentation. 
The physico-chemical reactions of interest here are (1) weakening of the hydrophobic 
interactions between κ-caseins and the other caseins that can cause κ-casein dissociation from 
the micelles and (2) the casein dissociation from the micelles, (3) dissolution of micellar 
calcium phosphate. Huppertz and de Kruif (2007) reported the dissolution of 25, 50, and 75% 
of the micellar calcium phosphate when a 25 g L-1 casein micelle suspension was high pressure 
treated at 100, 200, and 300 MPa respectively. The authors extrapolated that at approximately 
400 MPa the entire micellar calcium phosphate would be solubilized in the normal milk. 
2.5.1.3. GAS-LIQUID INTERFACE 
Apart from generating exceptionally high localised temperatures, steam bubbles provide a gas 
liquid interphase. Due to the presence of such an interface, the hydrophobic parts of κ-caseins 
on the micellar surface will coat the steam bubble. As the steam condenses, the heat of the 
condensing bubbles will be targeted towards the hydrophobic part of κ-caseins that are in 
association with caseins just beneath the surface, possibly causing the rupture of the 
hydrophobic bond and dissociation of the κ-caseins from the micelle, which may accelerate 
micellar aggregation and consequently sedimentation. 
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2.5.1.4. HEATING PROFILE 
Inside the injector heater, as the steam bubbles implode, they would create pressure zones that 
would attract the hydrophobic parts of different casein micelles previously coating that bubble 
to come together and aid in aggregation. 
In the infusion chamber milk drops are sprayed into a cloud of steam. The drop surface would 
be coated with hydrophobic terminal of the κ-casein as hydrophilic terminal would tend to get 
away from the interface. As the water will condense around these drops they would not create 
an environment akin to bubble implosion but will create a highly energized drop containing κ-
casein depleted micelles. It is possible that due to such a small microenvironment more calcium 
phosphate will precipitate in the micelles on an infusion chamber. It might be a possible 
explanation for the gritty nature of the sediment observed in the infusion heated UHT milks by 
Perkin (1978). 
2.5.1.5. SHEAR  
Ramsey and Swartzel (1984) speculated that steam injection may fragment proteins and that 
these fragmented proteins will settle out. Two mechanisms are plausible.  
1. If the high shear action chops off the κ-casein hairs from the micelle surface, the 
destabilized micelles may aggregate with each other. 
2. If the micellar calcium phosphates clusters are broken, the micelles will fragment, and the 
broken up sub-micelles will aggregated via hydrophobic interactions and consequently 
sediment.  
2.5.1.6. DILUTION  
During direct heating steam condenses in the milk. The volume of condensed water for 60 °C 
rise in temperature suing 4 bar abs dry steam is approximately 11 % of the volume of milk 
heated.  This dilution can cause a localised pH increase which favours dissociation of κ-caseins 






The number of studies done on sedimentation in plain white bovine UHT milk are limited. And 
there is limited understanding of mechanisms that lead to sedimentation.  
Direct UHT process is significantly different from indirect both in flow and heating. 
Sedimentation is also reported to be more pronounced in direct UHT treated milks than indirect. 
There is no single study that compares the effect of direct and indirect UHT treatment on 
sedimentation on milks of varying composition and format (fresh or reconstituted or 
recombined). Such a study will be beneficial to say conclusively if direct UHT always gives 
higher sedimentation that indirect for various types of milks. Reconstitution and recombination 
is especially relevant as lot of non-dairy producing countries buy NZ dairy ingredients and 
UHT treat them after recombining. Also, key physico-chemical properties that affect 
sedimentation can be studied to ascertain the mechanisms and their validity over a wider range 
of milks and processing combination. This is studied in CHAPTER 4  
The total composition of bovine UHT milk sediment is not reported, but available literature 
suggests that majority of the sediment is formed of proteins and is depleted in κ-casein. Indirect 
UHT sediment was reported to have higher levels of β-lactoglobulin than direct.  
Based on the literature a four step mechanism is proposed and described in Section 0. 
Destabilization, stabilization, and aggregation steps of the mechanism are the subject of study 




MATERIALS AND METHODS 
 TESTS AND METHODS 
Different tests were used for analysing sediment weight and physico-chemical properties of 
milk throughout the course of this study. This thesis has four results chapters (Chapter 4 – 
Chapter 7). Each chapter contains a detailed materials and method section that describes its 
own trial design, ingredients, recombining method, experimental set up, process design and 
parameters. Methods that were commonly used in more than one of the results chapters are 
given below.  
3.1.1. SEDIMENT WEIGHT (NATURAL SETTLING) 
Sedimentation was assessed both visually and gravimetrically. Photographs of all sediment 
samples were taken. 
200 and 400 ml PET containers were used for packing UHT milk. The weight of sediment 
formed during storage in UHT milk containers was measured according to the method that is 
used for the quality assessment of UHT milks (Fonterra in house method) .The method was 
modified slightly and is given below. 
 The liquid or supernatant of a product sample container was decanted into a 
beaker. 
 The sample container was put upside down on a paper towel for 5 min to drain 
off the extra water. 
 The bottle, including any sediment, was weighed and recorded. 
 The bottle was washed to remove the sediment. 
 Surplus water was also poured out in a similar way as for the product sample. 
 Again, the bottle was placed upside down on a paper towel for 5 min. 
 Finally, the bottle was weighed again, free of sediment, and recorded. 
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 The difference between the two weight values was the amount of wet sediment 
per product sample formed during the storage time. 
 The sediment weight was reported either in g or in g (400 g)-1.  
 
3.1.2. SEDIMENT WEIGHT (CENTRIFUGATION) 
Sediment was also measured using a centrifugation method by slightly modifying the method 
described by Boumpa et al. (2008). The milk was well shaken in its container. The milk was 
transferred to the pre weighed centrifuge tubes to make the total weight up to 58 ± 0.05 g. 
These tubes were then centrifuged at 2761 g at 20 °C for 15 min. The milk was drained from 
the tubes and the wet weight was measured. The tubes were then dried in an oven at 105 °C for 
5 hours. The tubes with the dry sediment were weighed again to get the dry sediment weight. 
The sediment weight was reported as g (400 g milk)-1. 
3.1.3. MICELLE SIZE ANALYSIS 
Particle size measurements were made by photon correlation spectroscopy using a Malvern 
Zetasizer Nano-ZS instrument and disposable DTS 1060C or DTS0012 cells (Malvern 
Instruments Ltd., Malvern, and Worcestershire, UK). The temperature of the cell was 
maintained at 20 ± 0.5 °C for the sizing experiments. Measurements of the dynamics of the 
scattered light were collected at a scattering angle of 90° only. Average diffusion coefficients 
were determined by the method of cumulants and translated into average particle diameters 
using the Stokes-Einstein relationship for spheres. An average of 3 measurements was used. 
Milk samples (50 µl) were dispersed in 5 ml of simulated milk ultrafiltrate (SMUF) buffer and 
allowed to equilibrate for 15 min before particle size measurement as described by (Anema & 
Klostermeyer, 1997) 
Simulated milk ultrafiltrate (SMUF) was prepared by the method of Jenness and Koops (1962). 
Immediately prior to use, samples of SMUF were adjusted to 6.7 using 1 M HCl or 1 M KOH. 
The buffer solution was filtered through 0.22 µm pore size cellulose nitrate filter before use 
(Anema & Klostermeyer, 1996). 
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3.1.4. MICELLE SIZE DISTRIBUTION  
Micelle size distribution was measured using Malvern Mastersizer MS 2000 (Malvern 
Instruments Ltd, Malvern Worcestershire, UK). The refractive index of the protein phase was 
set at 1.46 and that for aqueous phase at 1.33 giving a ratio of 1.095. The obscuration level of 
12.5 ± 0.5% was used. Reverse osmosis water was used as the dispersant medium. The 
obscuration level rather than dilution factor was kept constant for each sample measurement. 
All the particles were assumed to be solid spheres. 
The Malvern software plots the volume of the total particles obtained between two sizes. 
However, when the data was exported to Microsoft Excel the volume data aligns with either 
the lower or upper end of the size range. For consistency all the data was aligned with the lower 
end of the size range.  
The d (0.5) (volume median diameter), d (0.9) (diameter below which particles occupy 90 % 
of the volume), D[3, 2] surface moment mean or Sauter mean diameter,  D[4, 3] (volume 
moment mean diameter) values were reported. 
3.1.5. PH MEASUREMENT  
The pH values were measured using Radiometer Red Rod combined pH electrode (type 
pHC2401-8) and Radiometer Copenhagen PHM290 pH meter made by Radiometer Analytical 
SAS (rue d’Alsace, Villeurbanne Cedex, France). The pH probe was calibrated prior to the 
measurement using pH 4 and pH 7 buffer solutions made by Labserv Technologies (British 
Columbia, Canada). All the calibrations and measurements were done at 20 ± 0.2 °C using a 
temperature controlled water bath. The accuracy of the measurement was < 0.05 pH units and 
the repeatability of the measurement was ± 0.005 pH value. 
3.1.6. ZETA POTENTIAL ANALYSIS 
A Malvern Zetasizer Nano-ZS instrument and disposable DTS 1060C zeta-potential cells 
(Malvern Instruments Ltd., Malvern, Worcestershire, UK) were used for determining the zeta-
potential of the casein micelles in the suspension. Milk samples (50 µl) were dispersed in 5 ml 
of synthetic milk ultrafiltrate buffer for zeta potential measurement. Simulated milk ultrafiltrate 
(SMUF) was prepared by the method of  (Jenness & Koops, 1962)Milk samples in the buffer 
were allowed to equilibrate for 15 min for zeta potential measurement. The samples were 
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transferred to the measuring cell and the cell was placed in the instrument. The temperature of 
the cell was maintained at 20 ± 0.2 °C. An applied voltage of 80 V was used in all experiments. 
The zeta-potential was calculated from the measured electrophoretic mobility using the 
Smoluchowski model. An average of four measurements was used. 
 
3.1.7. IONIC CALCIUM MEASUREMENTS 
The ionic calcium levels in the milk samples were measured using a Radiometer (Copenhagen, 
Denmark) F2112Ca calcium-specific electrode coupled with an Orion (Beverly, MA, USA) 
90-02 double-junction reference electrode with 0.08 M KCl in the outer chamber. Electrode 
potentials were measured by dipping the electrodes in milk samples and recording the mV 
response. The recorded potentials were converted to ionic calcium levels using a calibration 
curve obtained from standard (0.3 – 10 mM) CaCl2 in 0.08 M KCl solution. Fresh calibration 
curves were obtained prior to each set of readings. The mV readings for the same sample drifted 
from day to day and hence calibration curves also drifted. It was best to compare the 
measurements on the same day from the same calibration curve. The repeatability of a 
measurement using the same calibration curve was ± 0.02 mM. Accuracy of the test was ± 0.1 
mM. 
3.1.8. SAMPLE PREPARATION FOR REDUCED SDS PAGE 
Samples of UHT milk (1 ml) were placed in Eppendorf tubes and centrifuged at ~ 20 000 x g 
for 60 min and 25 °C. This regime causes casein micelles, and any associated denatured whey 
proteins, to form a sediment; the supernatant contains any dissociated caseins and any serum 
phase whey proteins. The milk samples and the supernatants were diluted in SDS sample buffer 
(milk 1:40 v/v and serum 1:20 v/v). SDS samples were reduced by addition of 20 µl of 2-
mercaptoethanol into 1 ml prepared sample followed by heating at 100 °C for 5 min, followed 
by cooling and vortex mixing. The reduced samples were analysed by electrophoresis for 
protein composition using either a traditional SDS PAGE or a microfluidic chip 
electrophoresis. By comparing the levels of whey protein and casein in the supernatant with 
that in the milk, the levels of dissociated casein and change in serum phase whey protein could 
be determined. Serum of unprocessed and UHT processed milks could be compared to tell the 
change in the serum protein composition due to a given treatment.  
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Traditional SDS PAGE  
SDS-PAGE was performed using a Bio-Rad mini-gel slab electrophoresis unit (Bio-Rad 
Laboratories, Richmond, CA, USA). Samples were dispersed in 0.5 M Tris–HCl buffer, pH 
6.6, containing 2% (w/v) SDS, 0.05% (v/v) β-mercaptoethanol, and 0.01% (v/v) bromophenol 
blue and heated at 100 ˚C for 4 min. The resolving gel contained 15% (w/v) acrylamide (2.6% 
Bis) and 0.1% (w/v) SDS in 1.5 M Tris–HCl buffer, pH 8.8, and the stacking gel contained 4% 
(w/v) acrylamide and 0.1% (w/v) SDS in 0.5 M Tris–HCl buffer, pH 6.8. The gels were run at 
210 V and 70 mA for approximately 1 h. After electrophoresis, the gels were stained for 3 h 
using 0.1% (w/v) amido black 10B in 10% (v/v) acetic acid and 25% (v/v) isopropanol. After 
staining, the gels were destained using a 10% (v/v) acetic acid solution until a clear background 
was achieved. The gels were scanned using scanner (GE- Image scanner III, GE Healthcare 
Ltd, New Zealand) and the protein bands on the gel were quantified using ImageQuant TL (v 
2005) software to give a numerical protein-dye absorbance value. Skim milk was used as a 
standard to compensate for the gel-to-gel differences in the absorbance values. 
Bioanalyzer (microfluidic chip electrophoresis) 
The microfluidic chip electrophoresis was performed using an Agilent 2100 Bioanalyzer 
system and the associated Protein 80 kit (Agilent Technologies, Waldbronn, Germany) 
according to method described by (Anema, 2009). These kits contain the chips on which 
electrophoresis is performed, proprietary reagents such as the gel matrix solution, protein dye 
concentrate solution, a marker protein buffer solution and a protein molecular mass ladder 
solution. 
The gel matrix and destain solutions were prepared according to the protocols supplied with 
the chips. Briefly, the gel–dye solution was prepared by mixing filtered gel matrix (~ 600 µL) 
with the protein dye (25 µL). The destain solution was filtered gel matrix (without added dye). 
The sample preparation was modified from the protocol described with the chips. A 
dissociating solution was prepared by dissolving SDS in water to give a final concentration of 
1.5 mg mL-1. This dissociating solution contains the SDS at levels required for the 
electrophoresis process. 
A protein ladder was prepared by putting an aliquot of the ladder solution (6 µL) in water (84 
µL). Samples were dispersed in SDS buffer (0.5 M Tris–HCl buffer, pH 6.6, containing 2% 
(w/v) SDS, 0.2% lactoferrin)  (Bhatt, 2014). SDS samples were reduced by addition of 20µl of 
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2-mercaptoethanol into 1 ml prepared sample followed by heating at 100 ̊ C for 4 min, followed 
by cooling and vortex mixing. 
 It should be noted that the ladder and SDS buffer solution contains a low and high molecular 
mass protein marker (corresponding to the lowest and highest molecular mass proteins in the 
protein ladder). All samples were thoroughly mixed before use. 
The microfluidic chip device is a miniaturized version of SDS-PAGE and as such all the steps 
involved in conventional electrophoresis, such as gel preparation, sample loading, 
electrophoretic separation, staining, destaining, and detection/integration are still performed, 
albeit within the chip environment. The technique allows the separation and quantification of 
proteins under denaturing conditions (SDS) in the absence or presence of reducing agents. 
Detailed descriptions of the principle and procedures for the microfluidic chip technique have 
been reported previously (Goetz et al., 2004; Hey, 2007; Wu et al., 2008). The general layout 
of the microfluidic chip, including the layout of channels and the location of the wells for gel–
dye matrix, destain solution, molecular mass ladder and samples is shown in (Anema, 2009). 
In a typical run, a new chip is primed with gel–dye matrix, and once primed, the remaining 
wells are filled with the appropriate solutions (3 further wells for gel–dye matrix (12 µL each), 
one for destain (12 µL), one for protein ladder (6 µL), and 10 for samples (6 µL each). The 
chip is inserted into the machine and the lid is closed which inserts electrodes into each of the 
wells within the chip. The electrophoresis is started, which is performed automatically by the 
software and takes approximately 30min for the entire process, including automated 
integration. The migration times are standardized using the molecular mass markers as internal 
standards, and the molecular masses calculated against a standard curve created from the 
molecular mass ladder. Automatic integration is performed, which is adequate for well 
separated proteins, but in the case of the milk proteins, additional manual integration is often 
required, and this is performed using the Agilent 2100 Expert software associated with the 







3.1.9. ION CONDUCTIVITY MEASUREMENT 
Ion conductivity was measured using a TetraCon® 325 conductivity cell in conjunction with 
Cond 315 conductivity meter made by WTW (Germany) at a constant temperature of 20 ± 0.2 
°C. The accuracy of the conductivity measurement was ≤ 0.5% of measured value and the 
repeatability of ± 0.01 mS.cm-1. 
3.1.10. WATER OF HYDRATION 
In order to test the water of hydration of the micelles, milks were centrifuged (Sorvall 5C plus) 
at 29,900 g for 1.5 h at 28 °C. The supernatant was discarded and wet pellet was freeze dried 
using a Freezemobile Virtis 25EL freeze drier with ambient temperature of 25 ± 2 °C and under 
a vacuum of 10 Pa abs. The difference in the weight of the wet and freeze dried pellet was 
taken as water of hydration of the micelles. 
3.1.11. WHEY PROTEIN DENATURATION 
Whey protein denaturation caused by the UHT process was calculated by measuring the native 
whey proteins before and after UHT treatment according to the method developed by Elgar et 
al. (2000). The difference in the native whey proteins was taken to be the denaturation caused 
by the UHT process and was expressed as a percentage of whey protein in the milk prior to 
UHT processing. 
Samples for HPLC were prepared as follows. All the caseins in the milk were precipitated by 
mixing the same volume of milk and citrate buffer to bring the pH of the mixture to pH 4.6. 
The mixture was well mixed using a vortex mixer. The mixture was then centrifuged on a bench 
top centrifuge at a 13000 rpm for 3 min. The supernatant was loaded in the HPLC column to 
measure the native whey proteins.  
3.1.12. MILK COMPOSITION 
Milk composition was measured using a MilkoScanTM FT1 infrared milk analyser. The 
accuracy of the measurement was ≤ 1% of measured value for fat, protein, lactose, and total 
solids. The repeatability was ± 0.5% of the measured value.  
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3.1.13. TOTAL SOLIDS  
Total solids in milk samples were also measured using a Smart 5 Analyser (CEM, Matthews, 
NC, USA). A known sample was loaded in the machine and then sample was heated to dry the 
moisture. The difference in the sample weight before and after drying gave the estimate of total 





EFFECTS OF MILK AND UHT TYPE ON SEDIMENTATION 
 INTRODUCTION 
Milk reconstituted from one particular powder batch can provide a consistent raw material for 
better comparison of results over the course of the study by removing seasonal variation issues 
related to fresh milk. However, the casein micelles in the reconstituted milk are larger and 
denser due to interaction with whey proteins and increased association of the serum caseins 
and calcium with the casein micelles during powder manufacturing (Martin et al., 2007). This 
work aims to compare the sediment forming behavior of the fresh and the reconstituted UHT 
milks. 
There are conflicting reports in literature about the role of fat in sediment formation. Boumpa 
et al. (2008) reported that fat can form up to 56% of the dry weight of UHT goat milk sediment.  
Hawran et al. (1985) reported that changing fat levels in milk caused no significant effect on 
sedimentation. Lawn (2003) while investigating sedimentation in different UHT products made 
at the Mainland factory in Christchurch reported that sedimentation was more frequently 
observed in beverages with less fat content. This study employed two levels for fat, 0 and 1.5% 
to check if the fat plays a role in sediment formation. 
Except Samuelsson et al. (1962) literature reports that direct UHT milk produces more than 
indirect (Corradini et al., 1967; Perkin et al., 1973; Ramsey & Swartzel, 1984; Schalk et al., 
2013). This work aims to study if these trends hold for both fresh and reconstituted milk. 
Deeth and Datta (2011) stated that downstream homogenization in the direct UHT process was 
to break the casein aggregates that may form during processing. However, no data has been 
provided to substantiate the claim. Ramsey and Swartzel (1984) also speculated that the jet of 
steam injection can potentially fragment the casein micelles. This work aims to study the 
impact of post UHT treatment homogenization on the casein micelle size. 
The overall objectives for this study are: 
 To study the effect of milk type (fresh, reconstituted, and recombined) and milk 
composition (0% and 1.5% fat) on sedimentation in UHT treated milks 
 To study the effect of two types of UHT treatment on sedimentation 
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 Direct steam injection  
 Indirect 
 To study the effect of downstream homogenization on sediment formation in the 
UHT treated milks. 
 To study the composition of the UHT milk sediment. 
 To study the effect of UHT treatment on various physico-chemical properties of 
milk that are believed to affect sedimentation. 
 To study the effect of 25 week dark storage at 20 °C on physico-chemical 
properties of milk that affect sedimentation. 
 To propose a mechanism for sediment formation. 
 MATERIALS AND METHOD  
Four different milk feeds were UHT treated in this experiment: (1) skim fresh, (2) semi-skim 
fresh, (3) skim reconstituted (recon), (4) semi-skim recombined (recon). The composition of 
each milk feed is given below in Table 4.1. All milks were formulated to have same protein 
concentration. Skim and semi-skim milks were formulated to have ≤ 0.1% and 1.5% fat 
respectively.  
Table 4.1: Composition of different milks used 
Milk Feed Fat Protein Lactose Total solids 
 g (100 ml milk)-1 g (100 ml milk)-1 g (100 ml milk)-1 g (100 ml milk)-1 
Skim fresh 0.02 3.5 4.8 8.9 
Semi-skim fresh 1.5 3.5 4.9 10.2 
Skim Recon 0.1 3.5 6.7 10.4 
Semi-skim recon 1.5 3.5 6.7 11.8 
 
Fresh pasteurized skim milk, fresh pasteurized and homogenized whole milk, and reverse 
osmosis water were used to prepare skim fresh and semi-skim fresh milks. Low heat (whey 
protein nitrogen index > 6 mg g-1) skim milk powder (SMP), fresh pasteurized and 
homogenised milk cream, and reverse osmosis (RO) water were used to prepare the skim recon 
and semi-skim recon milks. The quantity of materials used to produce the four milk streams 
are given below in  
 




Table 4.2 Quantities mixed to obtain desired composition of milk feeds. 
 
 
Table 4.3: Composition of materials used to prepare four milk feeds. 
Milk  Fat Protein Lactose Total solids 
Skim milk g (100 ml milk)-1 0.01 3.59 5.03 9.17 
Whole milk g (100 ml milk)-1 3.27 3.06 4.63 11.5 
cream g (100 ml milk)-1 1.93 41.38 3 43 
SMP % (w/w) 1.05 32.68 54.1 96.18 
 
For skim recon and semi-skim recon milks, the required amount of water was heated to 40 °C 
using a hot water bath. The quantity of skim milk powder was added while the overhead stirrer 
was used to dissolve the powder for 30 min. For the semi-skim recon milk, cream was added 
and mixed for 5 min using the overhead stirrer followed by double stage homogenization at 
150/50 bar pressure. A hydration time of at least one hour was allowed before processing. 
Processing steps used for preparing the four milk feeds are given in Figure 4.1. 
 Skim fresh Semi-skim fresh Skim recon Semi-skim recon 
Skim milk (kg) 20.47 11.44 - - 
Whole milk (kg) - 9.56 - - 
SMP (kg) - - 2.25 2.2 
Cream (kg) - - - 0.72 




Figure 4.1: Process steps used to prepare four milk feeds prior to UHT treatment. 
 
The UHT treated milks were stored in a dark 20 °C temperature controlled room. The samples 
were tested at predetermined time intervals outlined in Table 4.4, and tested for sedimentation 
and different physico-chemical properties. 
Table 4.4: Testing frequency for different milk components and properties related to sediment formation. 
Analysis (technique) Frequency of the tests (weeks) 
pH (pH probe) Unprocessed, 0, 1, 8, 12, 25 
Ionic Calcium (Ionic calcium probe) Unprocessed, 0, 1, 8, 12, 25 
Micelle size distribution (Malvern Zetasizer) Unprocessed, 0, 1, 8, 12,  
Micelle zeta potential (Malvern Zetasizer) Unprocessed, 0, 1, 8, 12, 25 
κ-casein dissociation levels (SDS PAGE) Unprocessed, 0, 1, 8, 12 
Sediment amount (weight) 1, 2, 8, 12, 25 
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4.2.1. EXPERIMENTAL SET UP 
A MicroThermics® 2011 E series miniature UHT processor in the Applications Development 
Laboratory at Fonterra Research and Development Centre was used to UHT treat the four milk 
feeds. The four milk feeds discussed above were used to produce direct and indirect UHT 
treated milk, both with and without downstream homogenization. Direct and indirect UHT 
treated milks were processed on successive days. Plant was not cleaned in between the 
successive runs on the day. The milk feeds for direct and indirect UHT treatment were prepared 
on the day prior to processing. The overall experiment design and the resultant 16 batches are 
displayed in Figure 4.2 below. 25 x 200 ml samples per batch were packed in sterile 200 ml 
PET containers in a sterile laminar air flow cabinet. 
 
Figure 4.2 Experiment design. 
The process flow diagram and the processing conditions used are specified in Figure 4.3 and 
Table 4.5 respectively. Preheating was done using a tubular heat exchanger in both direct and 
indirect UHT treatment. The high heating modes used for direct and indirect UHT treatment 
were direct steam injection (DSI) and tubular heating respectively. The cooling modes used 
after the high heater in direct and indirect UHT treatment were flash cooling and tubular heat 
exchanger respectively. Final cooling was done using a tubular heat exchanger in both direct 







Direct UHT Indirect UHT
Homogenizer
DSI skim fresh homog
DSI semi-skim fresh homog
DSI skim recon homog
DSI semi-skim recon homog
DSI skim fresh unhomog
DSI semi-skim fresh unhomog
DSI skim recon unhomog
DSI semi-skim recon unhomong
Homogenizer
IND skim fresh homog
IND semi-skim fresh homog
IND skim recon homog
IND semi-skim recon homog
IND skim fresh unhomog 
IND semi-skim fresh unhomog
IND skim recon unhomog






Figure 4.3: Equipment diagram of MicroThermics plant in the direct (top), and indirect (bottom) configuration. 
Table 4.5: Heating conditions used for the direct and indirect UHT processing. 
Process variable Value 
Flow rate 60 kg h-1 
Preheat temperature  80 °C  
Preheat hold None  
High heat temperature 144 °C 
Holding tube temperature/time 144 °C / 5 s 
Cooling 80 °C 
Downstream homogenization temperature 60 °C 
(when required)  
Downstream homogenization pressure 170/30 bar 
(1st stage / 2nd stage)  
(when required)  
Filling temperature 20 ± 5 °C 
 RESULTS AND DISCUSSION 
4.3.1. SEDIMENT WEIGHT 
Sediment wet weights in all UHT treated milks were measured according to the method 
described in Section 3.1.1. The measured sediment weight for DSI and indirect treated UHT 
milks are reported below in Table 4.6 and Table 4.7 respectively. The sediment growth trends 















































































increased linearly with storage time in all UHT treated milks but at a higher rate in direct UHT 
treated milks than indirect.  
Table 4.6: Sediment wet weight (g) in different DSI treated UHT milks at different time intervals of 20 °C dark 
storage. Table contains measurements of multiple samples at each time interval. 
Time DSI DSI  DSI DSI DSI  DSI DSI DSI  
(week) skim skim semi-skim semi-skim skim skim semi-skim semi-skim 
 fresh fresh fresh fresh recon recon recon recon 
 Homog  Homog  Homog  Homog  
1 0.121 0.421 0.576 0.382 0.244 0.323 0.519 0.566 
1 0.154 0.274 0.478 0.286 0.406 0.195 0.539 0.681 
1 0.342 0.128 0.198 0.341 0.255 0.178 0.433 0.588 
4 0.355 0.207 0.589 0.464 0.569 0.462 0.815 0.913 
4 0.453 0.227 0.554 0.727 0.383 0.438 0.748 0.976 
4 0.400 0.191 0.430 0.731 0.602 0.530 0.770 0.904 
9 0.387 0.304 0.456 0.471 0.574 0.493 0.639 0.879 
9 0.472 0.478 0.467 0.606 0.356 0.517 0.508 1.893 
9 0.432 0.454 0.315 0.624 0.373 0.495 0.634 0.944 
12 0.543 0.701 0.462 0.888 0.554 0.708 0.759 0.813 
12 0.539 0.666 0.676 0.844 0.683 0.731 0.806 1.013 
12 0.618 0.661 0.699 0.874 0.707 0.834 0.613 1.026 
25 1.036 1.557 0.783 0.851 0.785 0.904 1.039 0.778 
25 1.106 1.489 0.906 0.953 1.104 1.044 1.103 1.513 
 
Table 4.7: Sediment wet weight (g) in different indirect UHT treated milks at different time intervals of 20 °C dark 
storage. Table contains measurements of multiple samples at each time interval. 
Time IND IND IND IND IND IND IND IND 
(week) skim skim semi-skim semi-skim skim skim semi-skim semi-skim 
 fresh fresh fresh fresh recon recon recon recon 
 Homog  Homog  Homog  Homog  
1 0.113 0.296 0.238 0.096 0.220 0.267 0.173 0.332 
1 0.185 0.011 0.304 0.300 0.051 0.117 0.112 0.196 
1 0.037 * 0.096 0.094 0.064 0.121 0.170 0.151 
4 0.157 0.033 0.014 0.073 0.131 0.048 0.124 0.032 
4 0.102 0.216 0.216 * 0.119 0.126 0.081 0.080 
4 0.124 0.053 0.083 0.178 0.220 0.170 0.036 * 
9 0.288 0.224 0.043 0.626 0.031 0.295 0.250 0.342 
9 0.045 0.230 0.103 0.916 0.125 0.125 0.283 0.321 
9 0.240 0.221 0.174 1.102 0.253 0.244 0.222 0.368 
12 0.308 0.189 0.302 1.761 0.324 0.357 0.414 0.474 
12 0.278 0.381 0.230 1.740 0.296 0.330 0.431 0.298 
12 0.433 0.328 0.345 1.554 0.323 0.333 0.222 0.404 
25 0.529 0.560 0.513 0.972 0.617 0.459 0.559 0.516 




Figure 4.4: Sediment growth trend in all studied UHT treated milks over the 25 week 20 °C dark storage. Samples 
inside black circle are those with excessive creaming.  
Fresh semi-skim milks processed by indirect UHT and without downstream homogenization 
showed excessive creaming which was not the case in other semi-skim UHT milks (Figure 
4.5). This cream adhering to the walls of the containers was included in the sediment weight 
and is the cause of high sediment weights in circled samples in Figure 4.4. These samples were 
taken as outliers and not used in further data analysis. As creaming occurred only in a few 
samples, it was decided not to measure it separately and treat these samples as outliers.  
 
Figure 4.5: Creaming observed indirect UHT treated fresh semi-skim milks without downstream homogenization at 9 
week interval of 20 °C dark storage. 
A 95% confidence interval plot for the means is plotted below in Figure 4.6. The means were 




Figure 4.6: 95% confidence interval plot for the means of sediment weight generated by each milk stream and 
process combination over studied intervals during 25 week 20 °C dark storage.  
Table 4.8: Comparison of the sediment weight (g) at 95% confidence interval using Tukey comparison procedure 
assuming equal variance. 
UHT Milk Description           N    Mean  Grouping 
DSI semi-skim recon unhomog   14  0.9634  A 
DSI semi-skim recon homog     14  0.7089  A B 
DSI semi-skim fresh unhomg    14  0.6458    B 
DSI skim recon unhomog        14  0.5608    B C 
DSI skim fresh unhomg         14   0.554    B C 
DSI skim recon homog          14  0.5424    B C D 
DSI semi-skim fresh homog     14  0.5421    B C D 
DSI skim fresh homog          14  0.4970    B C D E 
IND semi-skim recon unhomog   13  0.3193      C D E 
IND semi-skim recon homog     14  0.2576      C D E 
IND skim recon unhomog        14  0.2532      C D E 
IND skim fresh unhomg         13  0.2487      C D E 
IND skim recon homog          14  0.2400        D E 
IND semi-skim fresh unhomg *   6  0.2396      C D E 
IND skim fresh homog          14  0.2388        D E 
IND semi-skim fresh homog     14  0.2284          E 
* Outliers not considered 
Means that do not share a letter are significantly different 
For any given milk and process combination indirect treated milks produced less sediment than 
DSI at 95% confidence levels.  
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The sediment mass produced by all indirect treated milks is similar at 95% confidence interval. 
Among DSI treated milks, the mass of sediment produced by semi-skim reconstituted milk 
without downstream homogenization (8th point in Figure 4.6) was significantly higher than all 
other DSI treated milks. However, the sediment mass produced by the same semi-skim 
reconstituted milk with downstream homogenization was not (7th point in Figure 4.6). For the 
studied DSI treated milks the following conclusions can be made with 95% confidence.  
 For a given protein and fat composition, recon UHT milks produce similar 
amount of sediment as fresh UHT milks.  
 1.5% fat does not increase the sedimentation in fresh UHT milks. 
 For any given milk type downstream homogenization does not reduce 
sedimentation. 
 1.5% fat increases sediment in reconstituted UHT milks when a downstream 
homogenizer is not used. 
 
4.3.1.1. FRESH VS. RECONSTITUTED AND RECOMBINED  
Similar sedimentation trends in the fresh and recon milks, despite several additional processing 
steps involved during powder and cream manufacturing prior to UHT was rather interesting. 
Table 4.9 shows the general processing history of four milk feeds prior to UHT processing. It 
was worth noting that prior to the spray drying stage, the maximum temperature employed for 
low heat SMP would have been ≤ 74 °C (Oldfield et al., 2005). At these temperatures little 
denaturation of whey proteins, and hence little association with casein micelles would occur. 
Also, prior to the evaporation stage, the dissociation of micelles would not have been 
significant and possibly any dissociated caseins will re-associate with the micelles during de-
hydration in evaporation and spray drying (Martin et al., 2007). Denaturation in the drier is 
unlikely and not reported anywhere. Little change in the proteins would have taken place during 
the processing prior to UHT treatment. Therefore, it was plausible to expect little difference in 
sediment trends of fresh and recon milks. In contrast, in a high heat SMP over 90% of whey 
proteins can be denatured and up to 50% of the β-lactoglobulin can be associated with the 
casein micelles.  So, in a high heat powder sedimentation would be expected to be different 
than in fresh milk. 




Table 4.9: Processing history of different milk streams prior to UHT treatment. 
Fresh Reconstituted / Recombined 
Skim Semi-skim Skim Semi-skim 
Standardization √ √ √ √ 
Pasteurization √ √ √ √ 
Pre-heat treatment n/a n/a 72 °C / 15 s 72 °C / 15 s 
Evaporationa n/a n/a 50 – 70 °C min-1 stage-1 50 – 70 °C min-1,stage-1 
Concentrate 
heating 
n/a n/a 64 – 74 °C 64 – 74 °C 
Spray dryingb  n/a n/a 200 °C / 100 °C 200 °C / 100 °C 
Storage  4 °C 4 °C 20 °C 20 °C 
Reconstitution  n/a n/a 40 °C / 1 h 40 °C / 1 h 
Homogenization n/a n/a n/a 55 °C 
a evaporative concentration is performed in successive stages with residence time of approximately a 
minute in each stage.  
a inlet/outlet temperatures 
  
4.3.1.2. SKIM VS. SEMI-SKIM MILKS 
Hawran et al. (1985) reported that changing fat levels in milk caused no significant effect on 
sedimentation. Milk fat globule membranes (MFGM) are proteinaceous (approximately 70% 
dry basis) and rich in phospholipids (approximately 25% dry basis) (Walstra et al., 2006). Fat 
globule size reduction due to homogenization increases the total fat globule surface area, which 
was then covered by caseins. Since fat has a density lower than milk serum, it tend to rise rather 
than settle. Owing to this property it might help to reduce, rather than increase, sedimentation. 
This may be the reason why Lawn (2003) observed that sedimentation was more frequently 
observed in UHT beverages with less fat content. However, if the new modified MFGM 
proteins interact with other sediment forming proteins in milk, they may settle together with 
these proteins. Depending on the degree of interaction, fat may form various fractions of the 
sediment. Results of this study support the findings of Hawran et al. (1985) and Lawn (2003). 
In contrast, Boumpa et al. (2008) reported that fat can form up to 56% of the dry weight of 
UHT full cream goat milk sediment. This may be due to the technique used by their group to 
measure the sediment composition. Boumpa et al. (2008) did not measure sediment 
composition directly. They estimated it by measuring the composition of milk and milk 
supernatant after centrifuging at 2760 g for 15 min using DairyLab II Analyser (Multispec 
Limited, York, UK). The loss in fat was assumed to be fat in sediment. It was not clear whether 
the cream that would have separated during centrifugation was taken into account to estimate 
the amount of fat in the sediment, and if the cream layer was not uniformly re-suspended in the 
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supernatant before loading the sample in the analyzer, it would have resulted in higher estimate 
of fat in their sediment. 
Based on this analyses of the literature and our current experiment results, it can be said that 
fat plays little role in sediment formation. It possibly gets trapped with proteins, by protein 
interactions between casein micelles and milk fat globule membrane, and settles to the bottom 
of the container.  
4.3.1.3. DIRECT STEAM INJECTION VS. INDIRECT 
DSI treated milks resulted in more sedimentation in both fresh and recon milks, at both the 
levels of fats, and with and without downstream homogenization. These results are in 
agreement with those of Perkin et al. (1973) and Ramsey and Swartzel (1984).  
One possible reason for less sedimentation in the indirect UHT treated milks was the better 
steric stabilization of κ-casein depleted micelles due to higher level of whey protein associating 
with micellar κ-caseins. This would have been due to longer exposure at temperatures above 
75 °C, which provided suitable condition for whey protein denaturation and a subsequent 
association with κ-casein s via sulphydryl – disulphide exchange. This will be tested in the next 
chapter. 
4.3.1.4. EFFECT OF HOMOGENIZATION  
UHT milks that received downstream homogenization did not display any reduction in 
sedimentation when compared to unhomogenized milks. If any large protein aggregates were 
formed during UHT treatment (Datta et al., 2002), then downstream homogenization could 
have reduced the aggregate size and help reduce sedimentation. Since no aggregation was 
observed immediately after processing in unhomogenized milks (tested by Zetasizer), there 
was no improvement made by the downstream homogenizer (indicated by low poly dispersity 
index in the Zetasizer).  
However, downstream homogenization significantly reduced creaming in the samples 
containing 1.5% fat. More creaming was observed in unhomogenized indirect UHT treated 
milk compared to corresponding direct steam injection treated milks. This was due to the 
known homogenization effect of direct steam injection heating on milk fat globules (Ramsey 
& Swartzel, 1984). 
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Even though all studied effects (except DSI) when considered individually, did not show 
significant differences, a combination of recon, semi-skim, and absence of a downstream 
homogenizer had a significant effect compared to all combinations except for that of semi-
skim, recon, and homogenizer together as shown by the Tukey analysis in  Table 4.8. 
4.3.2. SEDIMENT COMPOSITION 
Very small amounts of sediments were generated in this set of trials when compared to other 
chapters. To recover the sediment, the container was shaken to suspend the sediment. Milk 
with suspended sediment was centrifuged at ~ 1400 x g for 30 min, the supernatant including 
the cream layer was discarded and the pellet at the bottom of the centrifuge tube was analysed 
for composition. 
4.3.2.1. GROSS COMPOSITION 
Due to the small amount of sediments generated by the milk samples only total solids, ash and 
total nitrogen (TN) could be measured. Total nitrogen was converted to protein using a factor 
of 5.98. The remainder was assumed to be lactose for skim milks, and a mixture of lactose and 
fat for semi-skim milks. These values are recorded in Table 4.10. The composition of the 
centrifuged plug on dry basis is given in Table 4.11.  
Table 4.10: Composition of the centrifuged plug (% m/m as is basis) from the UHT treated milks after 25 week dark 
storage at 20 °C.  
   TS Ash TN Protein Lactose + fat 
      TN x 6.38 TS-Protein-Ash 
fresh 
skim 
homog 20.1 2.1 2.3 14.9 3.1 
un-homog 23.8 2.5 3 18.9 2.4 
semi-
skim 
homog 27.6 2.4 3 19.3 5.9 
unhomog 27.8 2.4 2.8 17.9 7.5 
recon 
skim 
homog 26.7 2.6 3.3 20.8 3.3 
unhomog 26.2 2.5 3.1 20 3.7 
semi-
skim 
homog 28.0 2.2 2.6 16.8 9.1 







Table 4.11: Composition of the centrifuged plug (% m/m dry basis) from the UHT treated milks after 25 week dark 
storage at 20 °C.  
   Protein Ash Lactose/fat 
fresh 
skim 
homog 74% 10% 16% 
un-homog 79% 11% 10% 
semi-
skim 
homog 70% 9% 21% 
unhomog 64% 8% 27% 
recon 
skim 
homog 78% 10% 12% 
unhomog 76% 10% 14% 
semi-
skim 
homog 60% 8% 32% 
unhomog 64% 8% 29% 
 
The centrifuged plug would consist of particles of sediment surrounded by milk. An attempt 
was made to calculate the composition of the actual sediment particles  
The total mass fractions of protein, ash, lactose/fat are given by in terms of their fractions in 
the sediment particles (s) and in the surrounding milk (m). 
 𝑤𝑝,𝑡𝑜𝑡𝑎𝑙 = 𝑤𝑝,𝑠 + 𝑤𝑝,𝑚  (1)  
 𝑤𝑎,𝑡𝑜𝑡𝑎𝑙 = 𝑤𝑎,𝑠 + 𝑤𝑎,𝑚 (2)  
 𝑤𝑙𝑓,𝑡𝑜𝑡𝑎𝑙 = 𝑤𝑙𝑓,𝑠 + 𝑤𝑙𝑓,𝑚 (3)  
 
Where, 
𝑤𝑝,𝑡𝑜𝑡𝑎𝑙 = Total mass fraction of protein in the centrifuged sediment plug 
𝑤𝑝,𝑠 = Mass fraction of protein in the sediment particles 
𝑤𝑝,𝑚 = Mass fraction of protein in the surrounding milk 
𝑤𝑎,𝑡𝑜𝑡𝑎𝑙 = Total mass fraction of ash in the centrifuged sediment plug 
𝑤𝑎,𝑠 = Mass fraction of ash in the sediment particles 
𝑤𝑎,𝑚 = Mass fraction of ash in the surrounding milk 
𝑤𝑙𝑓,𝑡𝑜𝑡𝑎𝑙 = Total mass fraction of lactose/fat in the centrifuged sediment plug 
𝑤𝑙𝑓,𝑠 = Mass fraction of Lactose/fat in the sediment particles 
𝑤𝑙𝑓,𝑚 = Mass fraction of Lactose/fat in the surrounding milk 
 
The total mass fraction of sediment particles (𝑤𝑠) without surrounding milk is 





The total mass fraction for the surrounding milk (𝑤𝑚) is 
 𝑤𝑚 = 𝑤𝑝,𝑚 + 𝑤𝑎,𝑚 + 𝑤𝑙𝑓,𝑚 (5)  
 
This equation is probably redundant because of the component mass balances. Some of the 
moisture is “bound” to the caseins.  Geurts et al. (1974) estimated that in cheese 0.55 g of water 
is non-solvent for lactose for each gram of casein.  
 𝑤𝑤,𝑚 = 𝑤𝑤,𝑡𝑜𝑡𝑎𝑙 − 0.55𝑤𝑐,𝑠  
 
Where, 
𝑤𝑤,𝑚 = Mass fraction of water in the surrounding milk 
𝑤𝑤,𝑡𝑜𝑡𝑎𝑙 =  Total mass fraction of water in the centrifuged sediment plug 
 
The casein content is estimated to be being 2.8/3.5 of the total protein (Walstra, 2005b).  Thus 
the multiplier becomes of 0.44. This multiplier underestimated the amount of water bound to 
the protein particles in the sediment and hence overestimated the milk solids in the surrounding 
milk. This resulted in the negative values for lactose/fat fraction of the sediment particles. A 
multiplier of 1.63 was used to minimize the negative the overestimation in the surrounding 
milk. Thus the equation used became 
 𝑤𝑤,𝑚 = 𝑤𝑤,𝑡𝑜𝑡𝑎𝑙 − 1.63𝑤𝑝,𝑠 (6)  
 
It was assumed that the mixture of milk components is the same as milk. 
 𝑤𝑝,𝑚 = 𝑤𝑝,𝑚𝑖𝑙𝑘
𝑤𝑤,𝑚
𝑤𝑤,𝑚𝑖𝑙𝑘
 (7)  
 𝑤𝑎,𝑚 = 𝑤𝑎,𝑚𝑖𝑙𝑘
𝑤𝑤,𝑚
𝑤𝑤,𝑚𝑖𝑙𝑘
 (8)  
 𝑤𝑙𝑓,𝑚 = 𝑤𝑙𝑓,𝑚𝑖𝑙𝑘
𝑤𝑤,𝑚
𝑤𝑤,𝑚𝑖𝑙𝑘
 (9)  
 
𝑤𝑤,𝑚𝑖𝑙𝑘 = Mass fraction of water in the original milk 
𝑤𝑝,𝑚𝑖𝑙𝑘  = Mass fraction of protein in the original milk 
𝑤𝑎,𝑚𝑖𝑙𝑘 = Mass fraction of ash in the original milk 
𝑤𝑙𝑓,𝑚𝑖𝑙𝑘 = Mass fraction of Lactose/fat in the original milk 
 
For total balances we have 
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 𝑤𝑚 + 𝑤𝑠 + 𝑤𝑤,𝑚 + 0.44𝑤𝑝,𝑠 = 1 (10) 
 
The known variables are: 
𝑤𝑤,𝑚𝑖𝑙𝑘 , 𝑤𝑝,𝑚𝑖𝑙𝑘 , 𝑤𝑎,𝑚𝑖𝑙𝑘 , 𝑤𝑙𝑓,𝑚𝑖𝑙𝑘 , 𝑤𝑝,𝑡𝑜𝑡𝑎𝑙 , 𝑤𝑎,𝑡𝑜𝑡𝑎𝑙 , 𝑤𝑤,𝑚 
The unknown variables are: 
𝑤𝑝,𝑠, 𝑤𝑎,𝑠, 𝑤𝑙𝑓,𝑠, 𝑤𝑝,𝑚 , 𝑤𝑎,𝑚 , 𝑤𝑙𝑓,𝑚 , 𝑤𝑠, 𝑤𝑚 , 𝑤𝑤,𝑚 
A matrix solution was determined by rearranging the equations in the following form and 
solving in Excel and the result for all eight sediments is shown in Table 4.12 
 𝑤𝑝,𝑠 + 𝑤𝑝,𝑚 = 𝑤𝑝,𝑡𝑜𝑡𝑎𝑙 (1)  
 𝑤𝑎,𝑠 + 𝑤𝑎,𝑚 = 𝑤𝑎,𝑡𝑜𝑡𝑎𝑙  (2)  
 𝑤𝑙𝑓,𝑠 + 𝑤𝑙𝑓,𝑚 = 𝑤𝑙𝑓,𝑡𝑜𝑡𝑎𝑙  (3)  
 𝑤𝑠 − 𝑤𝑝,𝑠 − 𝑤𝑎,𝑠 − 𝑤𝑙𝑓,𝑠 = 0 (4)  
 𝑤𝑤,𝑚 + 0.44𝑤𝑝,𝑠 = 𝑤𝑤,𝑡𝑜𝑡𝑎𝑙 (5)  
 𝑤𝑝,𝑚 − 𝑤𝑤,𝑚
𝑤𝑝,𝑚𝑖𝑙𝑘
𝑤𝑤,𝑚𝑖𝑙𝑘
= 0 (6)  
 𝑤𝑎,𝑚 − 𝑤𝑤,𝑚
𝑤𝑎,𝑚𝑖𝑙𝑘
𝑤𝑤,𝑚𝑖𝑙𝑘
= 0 (7)  
 𝑤𝑙𝑓,𝑚 − 𝑤𝑤,𝑚
𝑤𝑙𝑓,𝑚𝑖𝑙𝑘
𝑤𝑤,𝑚𝑖𝑙𝑘
= 0 (8)  
 𝑤𝑚 + 𝑤𝑠 + 𝑤𝑤,𝑚 + 0.44𝑤𝑝,𝑠 = 1 (10) 
 
These values are shown in Table 4.13.  The value of each component in milk was then 
subtracted from the respective component in the centrifuged plug (Table 4.12) to obtain 
composition of particles of sediment. This composition is recorded in Table 4.13. 
Table 4.12: The matrix solution for  𝒘𝒑,𝒔, 𝒘𝒂,𝒔, 𝒘𝒍𝒇,𝒔 , 𝒘𝒑,𝒎, 𝒘𝒂,𝒎, 𝒘𝒍𝒇,𝒎, 𝒘𝒔 , 𝒘𝒎, 𝒘𝒘,𝒎 calculated using excel.  
   𝑤𝑝,𝑠 𝑤𝑎,𝑠 𝑤𝑙𝑓,𝑠 𝑤𝑝,𝑚 𝑤𝑎,𝑚  𝑤𝑙𝑓,𝑚 𝑤𝑠  𝑤𝑚   𝑤𝑤,𝑚 
fresh 
skim 
homog 0.13 0.02 0 0.02 0.00 0.03 0.14 0.06 0.59 
un-homog 0.17 0.02 0 0.02 0.00 0.03 0.19 0.05 0.48 
semi-
skim 
homog 0.18 0.02 0.03 0.02 0.00 0.03 0.23 0.05 0.44 
unhomog 0.16 0.02 0.04 0.02 0.00 0.03 0.23 0.05 0.46 
recon 
skim 
homog 0.19 0.03 0 0.02 0.00 0.03 0.22 0.05 0.42 
unhomog 0.18 0.02 0 0.02 0.00 0.03 0.21 0.05 0.44 
semi-
skim 
homog 0.15 0.02 0.05 0.02 0.00 0.04 0.22 0.06 0.48 






Table 4.13: Composition of the sediment particles (%m/m) in the sediment particles on the dry basis. 









homog 88 12 0 
un-homog 89 12 -1 
semi-
skim 
homog 78 10 12 
unhomog 72 9 19 
recon 
skim 
homog 88 12 0 
unhomog 86 12 2 
semi-
skim 
homog 69 10 21 
unhomog 83 12 6 
 
Sediment particles were composed of mostly proteins (> 69-89 %) and minerals (9 -12%). 
Lactose in the sediment particles of skim milk was minimal. Therefore, it was assumed that for 
semi-skim milks, the values in the lactose + fat column of Table 4.13 equates to fat. The amount 
of fat in the sediment produced by semi-skim milks varied from 6 – 21%. 
In a separate trial fresh homogenised semi-skim milk (1.3 g (100 ml)-1  fat, 3.2 g (100 ml)-1   
protein, 4.8 g (100 ml)-1  lactose, and 9.8 g (100 ml)-1  total solids) was UHT treated with and 
without downstream homogenization using exactly the same process and equipment as in this 
study. The natural sediment developed at the bottom of the containers after 12 weeks of storage 
at 20 °C (unlike centrifuged sediment in this study) was analysed for composition. The 
sediment composition is given below in Table 4.14. The composition of the UHT milk and the 
sediment on the dry basis is recorded in Table 4.15. The level of fat was 3% for both 
homogenized and unhomogenized samples.  
Table 4.14: Composition (as is) of the sediment developed in UHT milks with and without downstream 








Protein 12.12% 12.70% 
Fat 0.58% 0.51% 
Ash 1.66% 1.66% 
total solids 18.95% 19.30% 





Table 4.15: Composition (dry basis) of UHT milk and the sediment developed in UHT milks with and without 










Protein 33 % 64 % 66 % 
Fat 13 % 3 % 3 % 
Lactose 47 % 24 % a 23 % a 
Ash 6 % 9 % 9 % 
a calculated not measured  
 
From these results it can be said that fat plays a minor role in sedimentation.  
4.3.2.2. PROTEIN COMPOSITION 
Protein composition of the sediment was characterized using reduced SDS PAGE using a 
Bioanalyzer. Samples were prepared according to the method described in Section 3.1.8. The 
electrophoretic traces are shown below in Figure 4.7 and Figure 4.8. Sediment contained 
mostly caseins and some whey proteins. Sediments in both direct and indirect UHT treated 
milks were depleted in κ-casein (Figure 4.7). The sediments in indirect UHT treated milks 
contained more β-lactoglobulin (Figure 4.8). 
 
Figure 4.7: Reduced SDS PAGE Electrophoretic traces of direct UHT and indirect UHT milk samples. The red line 
represents the control pasteurized skim milk, blue line represents the UHT treated milk and the green line represents 





Figure 4.8: Electrophoretic traces of direct UHT and indirect UHT sediments. The red line represents the control 
pasteurized skim milk, blue line represents the DSI sediment, and green line represent indirect sediment at the end of 
25 week dark storage at 20 °C. 
κ-caseins provide the casein micelles with steric stability and are vital for the colloidal stability 
of milk (Walstra, 1990; Waugh & von Hippel, 1956). In the absence of κ-caseins on the micellar 
surface, inter-micellar aggregation can take place and these aggregates can settle to form 
sediment.  
β-lactoglobulin in milk serum denatures on heating and subsequently associates with κ-casein 
– both in the micellar and the serum phase. This added β-lactoglobulin on the micellar surface 
can compensate for some of the lost stability. Figure 4.8 shows that much more β-lactoglobulin 
associated with the micelles in the direct UHT sediment compared to those to DSI. The higher 
stabilization of micelles by whey protein in indirect UHT milks may be the reason for less 
inter-micellar aggregation and hence less sedimentation.  
κ-casein dissociation from the casein micelles at different intervals of storage was estimated 
by measuring the difference in milk and serum using the reduced SDS PAGE method described 
in Section 3.1.8.  κ-casein dissociation was observed in all UHT treated milks. Direct UHT 
treatment resulted in dissociation of 20 – 40% of the κ-casein, and by indirect UHT treatment 
ranged from 20 – 35%, indicating no difference. The observed dissociated κ-casein values are 
plotted in Figure 4.9. In the indirect UHT treated milks most dissociation took place during 
processing. The dissociation rate during storage was highest during week 0 to week 1 following 
which the dissociation rate was more or less zero. In the direct UHT treated milks, most 
dissociation occurred during processing, while some dissociation took place during storage. 
The dissociation during storage was very slow. Some samples displayed slightly higher 
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dissociation during week 9 to 12. In later trials the κ-casein dissociation was nearly 50% in 
both the DSI and indirect UHT treated milks (see Section 6.2.3.5). The lower number observed 
in this study was because the lower layer of the serum, which was rich in dissociated caseins, 
was not included in the serum phase used for SDS sample preparation. Due to this technique 
discrepancy, the trends of κ-casein dissociation during storage are not very accurate and 
possibly no dissociation took place post UHT treatment. This technique was modified in the 
later studies. Where the supernatant including the casein rich layer was transferred to a separate 
centrifuge tube and mixed using a vortex mixer prior to SDS sample preparation. 
Exact reasons for the dissociation of κ-casein are not known. In general, micellar integrity 
depends on colloidal calcium phosphate (CCP), hydrophobic interactions, and electrostatic 
interactions. CCP plays a minor role in this dissociation (Anema & Li, 2000). Hydrophobic 
interactions increase with temperature up to 80 °C independent of initial pH (Tanford, 1980) 
and the effect of higher temperatures was not known. κ-casein dissociation was a rapid 
phenomenon and takes place even at low temperatures of 40 °C (Anema, 1998). Anema (1998) 
observed that most of the κ-casein dissociated within the first 5 min of heating at temperature 
ranging from 20-120 °C. So the slow changes to micelle or protein structure 
(dephosphorylation and Maillard reactions) cannot be held responsible (Anema & Li, 2000). 
Increases in the surface charge of the casein micelles increases heat induced dissociation of κ-
caseins and vice versa (Pearce, 1976; Singh & Fox, 1986). Increases in the ionic strength 
shields the micelle surface charge and reduces the κ-casein dissociation.  
 




























































































4.3.3. EFFECT OF UHT TREATMENT ON THE PHYSICO-CHEMICAL PROPERTIES OF MILK 
AFFECTING SEDIMENTATION 
4.3.3.1. PH 
The pH values of all the milks before UHT treatment are recorded below in Table 4.16. Batch 
1 – 4 were used for direct UHT processing and batch 5 – 8 for indirect. 
Table 4.16: pH values of milks pre-UHT treatment. 
Batch 
No. 
Milk Description pH @ 20 °C 
1 Skim fresh 6.69 
2 Semi-skim fresh 6.69 
3 Skim recon 6.74 
4 Semi-skim recon 6.73 
5 Skim fresh 6.75 
6 Semi-skim fresh 6.75 
7 Skim recon 6.77 
8 Semi-skim recon 6.77 
 
On direct UHT treatment, fresh milks displayed an unusual behaviour of an increase in the pH. 
The pH increase was more pronounced in skim fresh milk than in semi-skim fresh milk. The 
downstream homogenized samples had reduced pH in both these milks. Conversely, the recon 
milks showed a decrease in milk pH on direct UHT treatment and no significant effect of 
downstream homogenization was observed. Earlier  
For indirect UHT treated milks a reduction in pH was observed after processing (Figure 
4.10(b)) and no further pH reduction was observed on downstream homogenization.  
Heat treatment of milk results in a decrease in milk pH due to (1) precipitation of primary and 
secondary phosphate as tertiary phosphate and a concomitant release of H+, (2) hydrolysis of 
organic (casein) phosphate and its subsequent precipitation as Ca3(PO4)2 with release of H
+, 
and the formation of formic acid from lactose (Fox, 1981). The increase in pH due to UHT has 
not been reported in the literature. Therefore, this observed pH increase in milk was 
unexpected. In this experiment, the pH increase was higher for skim milks, however higher 
values were also observed for semi-skim milk in an earlier trial mentioned in 4.3.2.1. The pH 
increased from 6.68 to 6.85 for unhomogenized milk and to 6.75 for the homogenized. The 
possibility of cleaning chemical remaining in the system was explored earlier and no trace of 
chemical was found in the product. But the fact that the maximum pH rise occurred in the milk 
59 
 
processed first and the value in successive batches decreased cannot be neglected. The 
possibility of dilution of milk due to ineffective evaporative cooling was explored and was not 
found to be true. The effect of direct steam injection on fresh skim milk pH was explored 
further using equipment in the pilot plant and the effect of a pH rise was not observed. 
At this stage we have no explanation for the observed increase with direct UHT treatment of 
fresh milk. 
 
Figure 4.10: The effect of UHT treatment on milk pH; (a) DSI, (b) Indirect. Error bars are ± 1 standard deviation of 
one measurement on three random samples from the batch. 
4.3.3.2. IONIC CALCIUM 
UHT treatment led to a reduction in ionic calcium levels in all the milks (Figure 4.11) as also 
reported by Geerts et al. (1983). Calcium phosphate is an inversely soluble salt and precipitates 































milks went through 144 °C for 5 s, ionic calcium reduction was higher for direct UHT treated 
milks despite indirect UHT treatment being more severe. This is in contradiction to most 
studies (Lewis, 2011). The comparatively lower values for the skim fresh milks are due to the 
pH increase discussed in the previous section.  
 
Figure 4.11 Effect of UHT treatment on ionic calcium in milk; (a) Direct UHT, (b) Indirect UHT. Error bars are ± 1 
standard deviation of one measurement on three random samples from the batch. 
4.3.3.3. MICELLE SIZE 
Micelle size increased in all samples post UHT treatment with the highest increase being 
observed in indirect UHT treated fresh milk. The increase in micelle diameter values is 




































Figure 4.12. Homogenization did not have a significant effect on micelle size. The increase in 
size was higher for fresh milks than for recon and for indirect UHT than for DSI.  
The increase in micelle size on UHT treatment can be attributed to whey proteins associating 
with the micelles. As the micelles in recon milks may already have whey proteins attached to 
them during powder manufacturing (Martin et al., 2007), they have larger diameters than their 
fresh counterparts to start with and hence less sites for further association and consequent size 
increase. The higher size increase in indirect UHT treatment can be attributed to a longer 
heating times above 75 °C and hence more whey protein associating with the micelles. The 
increase in size on heating milk was also observed by Anema and Li (2003a).  
Table 4.17: The percentage increase in micelle diameter due to UHT treatment. Error is ± 1 standard deviation of 
difference of means of three samples 
 
DSI Indirect 
Milk type Homogenized Unhomogenized Homogenized Unhomogenized 
Skim fresh 10 ± 4% 11 ± 4% 26 ± 3% 26 ± 4% 
Skim recon 8 ± 6% 12 ± 4% 11 ± 2% 16 ± 3% 
 
 
Figure 4.12: Micelle size values before and after UHT treatment. Error bars are ± 1 standard deviation of three 































4.3.4. EFFECT OF 20 °C DARK STORAGE ON PHYSICO-CHEMICAL PROPERTIES 
4.3.4.1. PH 
The milk pH dropped during storage for both DSI and indirect UHT treated milks (Figure 4.13). 
The overall pH drop in different milks was higher for DSI treated milks than indirect (Table 
4.18) 
 
Figure 4.13: pH trend of UHT treated milks; (a) DSI, (b) Indirect. Error bars are ± 1 standard deviation of one 
measurement on three random samples from the batch. 
Table 4.18: Drop in UHT treated milk pH after 25 week dark storage at 20 °C. Reported error is ± 1 standard 
deviation of the difference of mean of three samples at 0 and 25 week. 
Milk type DS Indirect 
 Homogenized Unhomogenized Homogenized Unhomogenized 
Skim fresh 0.11 ± 0.01 0.22 ± 0.02 0.05 ± 0.02 0.05 ± 0.01 
Skim reconstituted 0.11 ± 0.01 0.11 ± 0.00 0.07 ± 0.02 0.05 ± 0.02 
Semi-skim fresh 0.09 ± 0.04 0.10 ± 0.01 0.09 ± 0.00 0.10 ± 0.01 
































The pH remained more or less constant over the first 9 weeks of storage following which it 
dropped. This is consistent with findings of  Gaucher et al. (2008) who  reported no change in 
pH of indirectly treated UHT milks up to six months of storage at 20 ˚C. The exception in this 
study was skim fresh unhomogenized milk, where pH dropped continuously from week 1 to 
week 25. However, the overall pH drop was very small in magnitude with a maximum drop of 
0.2 for skim fresh unhomogenized milk and close to 0.1 for the rest. Since, the skim fresh milk 
exhibited an unusual spike in pH for the DSI treatment it also displayed a continuous and 
maximum pH drop, possible in order to regain equilibrium. 
The drop in the pH over storage was usually attributed to Maillard reactions, but 20 °C was not 
sufficient and much higher temperatures would be required for their actuation (Walstra et al., 
2006). The pH drop can also be caused by microbial activity. In the current study, no microbial 
count was measured post sterilization and hence no comment can be made with certainty. As 
no age gelation was observed, even after 9 months of storage, this indicates low milk plasmin 
activity and / or absence of bacterial proteases activity. It may also reflect relatively low storage 
temperature of 20 °C.  
4.3.4.2. IONIC CALCIUM 
After 1 week of storage, ionic calcium levels rose but not to their initial levels before heat 
treatment. For all the indirect UHT milks the ionic calcium levels decreased from week 1 till 
the end of week 12 following which the measurement increased at week 25. For all the direct 
UHT treated milks the ionic calcium levels decreased from week 1 till week 9, following an 
increase from week 9 to 12, followed by another decrease at week 25 (Figure 4.14). Later 
experiments showed that the uncertainty of the measurement can be ± 0.3 mM and may have 
resulted the observed difference between week 9 and 12. 
The initial increase in ionic calcium is due to the solubilisation of calcium phosphate. Calcium 
phosphate precipitates on heating, and then re-solubilize on cooling. However, some calcium 
phosphate remains insoluble. Re-solubilisation takes 1 to 2 days. The level of recovery depends 
on the severity and duration of the heat treatment (Demott, 1968; Muldoon & Liska, 1969, 
1972).  Geerts et al. (1983) reported that calcium activity in heat treated skim milk (115 °C for 
13 min) recovered to 88 % of original values after 24 hour hold at 20 °C. Geerts et al. (1983) 
observed that logarithmic relationship applies to the calcium activity recovery after heat 
treatment for a period up to 24 h.  
64 
 
The initial increase ionic calcium was followed by a decrease may be due to the formation of 
ionic calcium bridges between micelles. These bridging if which may lead to faster settling of 
micelles and hence more sediment formation observed in this study.  
Inverse solubility of calcium phosphate means that as pH reduced during storage Figure 4.13, 
ionic calcium should increase. However, this was not the case. This should have been most 
visible for skim fresh unhomogenized DSI treated milk where there was a sharp drop in pH. It 
is suggested that this may be due to the formation of the ionic calcium bridges by the dissolved 
ionic calcium. 
 
Figure 4.14: Ionic calcium trend in UHT treated milks; (a) DSI, (b) Indirect. Error bars are ± 1 standard deviation of 
one measurement on three random samples from the batch. 
4.3.4.3. MICELLE SIZE 
During storage the micelle size increased up to week 1 for indirect UHT treated milks, and up 
to week 4 for direct UHT treated milks, respectively. Following this, the micelle size decreased 
till week 12 for direct UHT treated milk and week 9 for indirect UHT treated milk. Following 









































An increase in the micelle size on UHT treatment can be attributed to whey proteins associating 
with the micelles. However, the increase in the size during storage cannot be attributed to 
association during storage. It was possible that the micelle size increase observed as a result of 
UHT treatment was an overall result of two possible mechanisms: 1) whey protein association 
with the micelles during UHT treatment , and 2) micelle contraction due to heating (Anema, 
2008b). On storage, micelles expand back and as a result an increase in micelle size was 
observed initially. It was possible this size equilibration takes longer for DSI treated milks. The 
later decrease in micelle size was possibly due to dissociation of β-lactoglobulin and κ-casein 
complexes from the micelle surface. However, this was not observed in the reduced SDS PAGE 
results. The increase during the last weeks of storage can be due to inter-micellar aggregation 
but this cannot be said with certainty. Given the error bars, the overall changes in the micelle 
size during the entire storage period were not strongly significant. 
 
Figure 4.15: The micelle diameter at various storage intervals. Error bars are ± 1 standard deviation of 3 random 





































































 Given that the initial protein levels and pH were similar; the sedimentation 
development trends for fresh, reconstituted, and recombined milks were also 
similar for each type of UHT treatment. 
 Fat did not affect the sediment formation in the UHT treated milks. 
 UHT milks processed by direct steam injection produced double the amount of 
sediment produced by the indirect UHT treatment. 
 The downstream homogenizer did not affect the sediment formation in UHT 
treated milks but significantly improved creaming in milk containing fat. 
 Sediment was composed of mostly proteins (> 85%) and minerals and in case of 
semi-skim milk it also contained 6 – 21% fat.  
 Both direct and indirect sediment contained mostly kappa depleted caseins and 
some whey proteins. The indirect sediment contained more β-lactoglobulin than 
direct sediment. 
 UHT processing (1) generally reduced milk pH, (2) caused mostly reversible ionic 
calcium reduction, (3) caused κ-casein dissociation from the micelles, (4) caused 
association of whey proteins with the micelles. 
 An unexplainable pH increase in fresh milks was observed on DSI treatment. 
However this pH increase was not reproducible.  
 The pH of UHT treated milks decreased over 25 week dark storage at 20 ˚C.  
 The ionic calcium increased initially followed by decrease over the 25 week dark 
storage at 20 ˚C.  
 The changes in the micelle size during storage were small. 
 RECOMMENDATIONS 
From this first set of experiments recommendations were developed for subsequent research 
reported in the following chapters. 
 Future work to reduce sedimentation should focus on direct UHT treatment as 
little sediment was observed in indirect UHT treated milk. In this study all direct 
UHT milks showed twice as much sediment as indirect. 
 Investigate changing of the heating profile of the direct process by adding a 
preheating stage to stabilize the casein micelles. 
 Investigate the effect of different initial pH and ionic calcium levels on 
sedimentation. 
 Investigate the increase in the ionic calcium levels in the direct UHT treated 
milks. 





DESTABILIZATION: MICELLAR Κ-CASEIN DISSOCIATION 
 INTRODUCTION  
A four step mechanism for sedimentation was proposed in Section 0. The focus of this chapter 
is destabilization of casein micelles during UHT process, specifically κ-casein dissociation. 
The specific objectives of this chapter are: 
1. To study the effect of the DSI process on κ-casein dissociation from the casein micelles to 
test if the step 1 of the mechanism is the main cause of the higher sedimentation in direct 
UHT milks 
2. To explore the link between sedimentation in the UHT milks and different amount of κ-
casein on the micelles surface, to test step 1 of the proposed mechanism. 
3. To compare the sedimentation between covalently cross-linked and non-cross-linked 
casein micelles, to test step 1 of the proposed mechanism. 
 EFFECT OF DIRECT STEAM INJECTION HEATING 
5.2.1. INTRODUCTION 
Direct UHT treatment differs from indirect UHT treatment both in terms of flow and heating 
as described in Section 2.5. Direct UHT treatment is characterized by very high heating and 
cooling rate of 60 °C s-1 (typical and also the value used in our study), high steam shear rates 
of approximately 40,000 s-1 (Appendix 3), presence of liquid-vapour interfaces, and steam 
bubble cavitation.  Mahulkar et al. (2008) reported that temperature of steam bubble collapse 
was greater than 4,000 K. Temperatures above 65 °C can cause κ-casein dissociation and whey 
protein denaturation.  
The dissociation of κ-casein and association of denatured whey protein with the micelles are 
heat induced phenomena. As minimal κ-casein dissociation and whey protein denaturation 
occurs at temperatures below 75 °C, milk was heated from 4 to 70 °C using direct steam 
injection or indirect heating to compare the effect of each process on κ-casein dissociation and 




The cumulative effect of various thermodynamic and hydrodynamic factors during steam 
injection in milk (60 °C s-1 heating rate, steam shear, liquid-vapour interface and steam bubble 
cavitation, except the bulk temperature of the solution) does not affect micelle destabilization. 
5.2.2. MATERIALS AND METHOD 
Fresh skim milk and diluted fresh skim milk were heated from 4 °C to 70 °C using either direct 
steam injection or indirect plate heat exchangers, using the LHT plant (Figure 5.1). The LHT 
plant differs from MicroThermics plant described in Section 4.2.1; it uses plate heat exchangers 
instead of tubular for stage 1 and stage 4, and the design of the steam injector. The 
MicroThermics plant has a concentric tube design in which steam flows in the inner tube and 
mixes with the milk flowing in the outer shell through multiple pores across the length of the 
inner tube entering vertically in to the milk flow. The LHT plant has a Tetra Pak designed 
injector in which the steam is injected at a sharp angle across the flow of product (Figure 2.6b). 



































Figure 5.2: Configuration used for DSI and indirect heating. 
The process flow for the trial is shown in Figure 5.3. The heated milk was cooled using an 
indirect plate heat exchanger to 4 °C. A dilution factor of 10% was calculated using measured 
milk total solids before and after direct steam injection treatment of the first batch and was used 
for preparing the batch to be indirectly heated to account for dilution caused by steam injection. 
The milk compositions before and after direct heating obtained using the MilkoscanTM FT120 
are given in Table 5.1. 
Table 5.1: Milk composition before and after DSI heating. 
Milk Feed Fat Protein Lactose Total solids 
 g (100 ml-1) g (100 ml-1) g (100 ml-1) g (100 ml-1) 
Skim fresh 0.07 3.9 4.89 9.53 
Skim fresh DSI 0.06 3.49 4.32 8.6 
Note: The accuracy of Milkoscan was within ± 1% of the actual value and the 
measurements are repeatable within the ± 0.5% of the mean.  
 
Three runs of direct and indirect heated milks were conducted in a random order and the 
























Figure 5.3: Experiment process flow. 
5.2.3. RESULTS AND DISCUSSION 
The milks and the serums of unprocessed and processed milks were analysed by reduced SDS 
PAGE. Serums were obtained by centrifuging milk at 20,000 g for 1 hour at 25 °C in a bench 
top temperature controlled centrifuge. The area under the κ-casein peak for any milk sample 
was taken to be proportional to κ-casein in that milk and the area under the κ-casein peak of 
that milk’s serum was taken to be the serum phase κ-casein in that milk sample. The κ-casein 
in the serum phase was taken to be the non-sedimentable by centrifugation while the difference 
between the milk and the serum was taken to be the sedimentable κ-casein (part of centrifuged 
pellet). The values for sedimentable κ-casein were the same for the unprocessed milk and all 
three types of heated milks and the values are tabulated in Table 5.2. 
κ-casein dissociation was a heat induced phenomenon and the maximum temperature used in 
this experiment was 70 °C. As the milk used for this experiment was already pasteurized it was 
expected that milk heated using the plate heat exchanger would not show any extra κ-casein 
dissociation. However, the lack of extra dissociation in the milks heated by DSI (compared to 
indirect) shows that κ-casein dissociation was primarily heat driven and was not affected by 
the high steam shear, steam bubble cavitation, liquid vapour interface, or the high heating rate 
of 60 °C s-1. 
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(% of total) 
(Average ± 1 s.d.) 
Pasteurized skim milk 82% ± 1 
DSI skim milk 81% ± 1 
Indirect skim milk 80% 
Indirect diluted skim milk 80% ± 2 
 
5.2.4. CONCLUSIONS  
High heating rate, high shear, liquid vapour interface and steam bubble cavitation did not cause 
κ-casein dissociation when the milk was heated from 4 °C to 70 °C. Even though the direct 
steam injection differs from indirect heating in many aspects of flow and mixing, it may not 
affect destabilization step of the mechanism any more adversely than indirect. 
 MICELLAR Κ-CASEIN COVERAGE 
5.3.1. INTRODUCTION 
Caseins form 80% of the protein in bovine milk. Caseins exist as casein micelles. The structure 
of casein micelles was not known exactly but various models have been put forward in the 
literature. One of the caseins, κ-casein was vital for the structural stability of casein micelles. 
Micelle models suggest κ-casein is present on the surface of the micelle. κ-casein protrudes 
from the surface of the micelle like a 5 – 7 nm long hair. 
Three types of forces are believed to be involved in colloidal stability of casein micelles 
(Walstra, 2005a).  
1. Van der Waals attractive forces between casein micelles in dipole state whether permanent, 
induced or transient.  
2. Electrostatic repulsive forces  
3. Steric repulsive forces due to unfavourable decrease in entropy as the κ-casein hairs 
interpenetrate 
Casein micelles are stabilized mostly by the steric repulsive forces and electrostatic forces are 
less important. κ-casein acts as stabilizing macromolecule. 
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Thermal treatment of milk results in dissociation of κ-casein from the micelle. The level of 
dissociation at any temperature is dependent on milk pH; increased dissociation at increased 
pH levels (Anema & Klostermeyer, 1997). 
During UHT processing κ-casein dissociates from the micelle surface and renders the micelles 
sterically less stable against other approaching micelles.  
The aim of this study was to compare sedimentation in UHT milks with different levels of 
micellar κ-caseins. It is proposed that by heating the milk at different pH different κ-casein 
coverage of micelles can be achieved. It is assumed that the same UHT treatment will cause 
equal κ-casein dissociation from the micelles regardless of the amount of κ-casein covering the 
micelle. 
5.3.1.1. HYPOTHESIS 
κ-casein depleted casein micelles aggregate more readily and hence lead to increased 
sedimentation during UHT milk storage. 
5.3.2. EXPERIMENTAL 
The process flow of the experiment was presented in  
Figure 5.4. Reconstituted milk was made by dissolving low heat skim milk powder in reverse 
osmosis water at 45 °C for 30 minute to get the total solids concentration of 9.6 g (100 ml milk)-
1.  
The reconstituted milk was divided in to three batches. The pH of the first batch, which was 
used as the control, was left unchanged at 6.7. The pH values of two batches were adjusted to 
6.5, and 7.1 using KOH and HCl. All pH measurements were done at 20 °C.  
The three batches were heated to 70 °C and held at that temperature for 20 min, then cooled to 
20 °C in a jacketed vessel and the pH re-adjusted to 6.7 for all three batches to minimize the 
effect of pH on calcium phosphate equilibrium, different protein reactions, and other possible 
effects on proteins like water binding and charge etc. during UHT treatment. The three batches 
were then divided into three equal parts and were processed using direct steam injection UHT 
treatment using LHT plant shown in Figure 5.1 in a random order. Each newly divided batch 
was given a new batch number. These milks were packed into sterile PET containers and stored 
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5.3.3. RESULTS AND DISCUSSION 
Sediment weight 
The sediment wet weight was measured after 4 weeks storage according to the method 
described in Section 3.1.2. The dry weight of the centrifuged sediment is plotted in Figure 5.5. 
The result showed no significant difference between sediment generated by milks pre-treated 
at different pH values. The sediment deposited at the bottom of the UHT milk containers at the 
end of 4 weeks storage according to the method described in Section 3.1.1 were also measured 
and the results are plotted in Figure 5.6. The difference in sediment weights compared by both 
the methods was not significant at 95% confidence interval. 
 
Figure 5.5: Dry centrifuged sediment weight in UHT milks measured after 4 weeks dark storage at 20 °C. Error bars 
are ± 1 standard deviation of triplicate runs.  
 
Figure 5.6: Natural Sediment weight after 4 weeks dark storage at 20 °C in the different UHT milks. Error bars are ± 








































































Reduced SDS PAGE (Bioanalyzer) 
The reduced SDS PAGE analysis of the milks and their respective serums was conducted at 
three stages; (1) after reconstitution, (2) after pre-treatment and pH adjustment to pH 6.7, and 
(3) after UHT processing, according to the method described in Section 3.1.8. The κ-casein 
dissociation levels are plotted in Figure 5.7. 
 
Figure 5.7: The means of κ-casein dissociation in triplicate runs at different stages of processing in the different 
milks. Error bars are ± 1 standard deviation of triplicate runs. 
The reconstituted milk had 21 ± 3% of total κ-casein in the serum phase, which is expected for 
a low heat skim milk powder. The pre-treatment at pH 6.5, 6.7, and 7.1 resulted in 27 ± 5%, 26 
± 0%, and 60 ± 3% of total κ-casein to be in serum phase. The difference between the pH 6.5 
and 6.7 milk was negligible and was not consistent with the literature (Anema, 2008c). UHT 
milks pre-treated at pH 6.5, 6.7, and 7.1 had 53 ± 4%, 51 ± 4%, and 58% ± 3% of total κ-casein 
in the serum phase. Given the uncertainties, there was no significant difference between UHT 
milks despite differences before UHT. 
The aim of this study was to compare sedimentation in UHT milks with different levels of 
micellar κ-caseins. The micellar κ-casein levels were successfully adjusted before UHT 
treatment and it was assumed that equal amounts of further κ-casein dissociation would be 
caused by UHT treatments in these pre-treated milks. This would have resulted in the UHT 
milks with different micellar κ-casein and would have allowed for the comparison. However, 
this was not found to be the case and all three milks ended up with similar level of κ-casein 
after UHT treatment. The similar sediment values in Figure 5.5 and Figure 5.6 correlated well 
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Exact reasons for the dissociation of κ-casein are not known. In general, micellar integrity 
depends on colloidal calcium phosphate (CCP), hydrophobic interactions, and electrostatic 
interactions. CCP plays a minor role in this dissociation (Anema & Li, 2000). Hydrophobic 
interactions increase with temperature up to 80 °C independent of initial pH (Tanford, 1980) 
and the effect of temperatures above 80 °C is not known. κ-casein dissociation is a rapid 
phenomenon and takes place even at low temperatures of 40 °C. Therefore, the slow changes 
to micelle or protein structure (dephosphorylation and Maillard reactions) are unlikely to be 
directly involved (Anema & Li, 2000). An increase in surface charge of the casein micelles 
increases heat induced dissociation of κ-caseins and vice versa (Pearce, 1976; Singh & Fox, 
1986). Increases in the ionic strength shields the micelle surface charge and reduces the κ-
casein dissociation. Based on the above observations, electrostatic repulsion seems to have the 
greatest effect on κ-casein dissociation from the micelles. In the current study at pH 7.1 the 
electrostatic repulsion within the micelle will be highest and this was the likely cause of the 
high level of κ-casein dissociated after pre-treatment. The remaining κ-casein on the micelle 
was more or less un-affected by further UHT treatment. However, in milks pre-treated at pH 
6.5 and 6.7, the hydrophobic bonds would have been dissociated by the heat energy during 
UHT. It was therefore concluded that different pre-treatments were unlikely to influence the 
final distribution of κ-casein in UHT milk.  
pH and ionic calcium 
The pH and ionic calcium levels for the milks at different stages of processing were measured 
according to the methods described in Sections 3.1.5 and 3.1.6 respectively, and are tabulated 
in Table 5.3. Given the pH adjustment and re-adjustment some difference in ionic calcium 
levels can be attributed to the calcium phosphate equilibrium. Based on experience from the 
other trials, this difference was minimal and was not expected to cause any considerable 
difference in the sedimentation. UHT treatment generally leads to a small pH reduction, but 
there was slight increase in pH of milk pre-treated at pH 7.1. This can be due to altered 
buffering due to addition of acid and base for pH adjustments.  
Whey protein denaturation 
Denaturation of α-lactalbumin, β-lactoglobulin, and total whey protein after pre-treatment and 
after UHT treatment were measured according to the method described in Section 3.1.11 and 
recorded in Table 5.4. The pre-treatment at higher pH values resulted in higher denaturation. 
This was probably due to decreases in denaturation activation energy under increasing 
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electrostatic repulsion between amino acid groups in the folded protein chain. The UHT step 
denatured 17% of native α-lactalbumin, 59% of native β-lactoglobulin, and 47% of native total 
whey protein entering the UHT step (denaturation caused by UHT = (native protein entering 
UHT– native protein exiting UHT) / native protein entering UHT) for all three pre-treatment 
pH values. The denaturation of β-lactoglobulin depends on the concentration of the native β-
lactoglobulin and, as lesser amounts of native proteins entered the UHT process with increasing 
pre-treatment pH, the difference in denaturation values after UHT treatment also diminished. 
 
Table 5.3. pH and ionic calcium levels in pre-treated milks at various stages of processing and after 4 weeks storage. 
 Pre-treat pH 6.5 Pre-treat pH 6.7 Pre-treat pH 7.1 
 pH Ionic calcium pH Ionic calcium pH Ionic calcium 
  (mM)  (mM)  (mM) 
Recon 6.67 1.31 6.67 1.31 6.67 1.31 
Pre UHT 6.68 1.33 6.67 1.29 6.68 1.24 
Post UHT 6.66 1.35 6.68 1.28 6.70 1.22 
Week 4 6.65 1.32 6.67 1.25 6.72 1.21 
Note: The maximum standard deviation for any value was 0.02 
 
Table 5.4: Whey protein denaturation values of the different pre-treated milks after pre-treatment and after 4 weeks 
storage. Values are average of triplicate runs 
 after pre-treatment 
(70 °C for 20 min) 
after UHT  
Pre-treatment pH α-lac β-lg Total α-lac β-lg Total 
6.5 6% 12% 11% 22% 65% 45% 
6.7 11% 19% 16% 27% 67% 48% 
7.1 28% 37% 29% 40% 73% 53% 
Note: Standard deviation for all values were ≤ ±5% denaturation 
 
Micelle size, zeta potential, and poly dispersity index 
The micelle size and zeta potential of the micelles in the milks with different pre-treatments 
was measured at different stages of processing according to the methods described in Sections 
3.1.3 and 3.1.6 respectively. The 95% confidence interval plot is shown for the micelle 







Figure 5.8: 95% confidence interval plot for the means of micelle diameter (top) and zeta potential (bottom) for milks 
at different stages of processing. 
The data showed a reduction in micelle size due to pre-treatment heating and the reduction in 
size increased with increasing pH. Anema (2008c)studied κ-casein and whey protein location 
in the colloidal and serum phase when milk is heated at various temperatures (20-90 ˚C) at 
different pH values (6.5-6.9). The author reported that at 70 ˚C increasing amounts of κ-casein 
dissociated from the casein micelles with increasing pH and moved to serum phase, but no 
whey protein moved from serum to micellar phase. At higher temperatures the author reported 
movement of the whey proteins from serum to micellar phase. This could be the explanation 
for our observed change. Post UHT the micelle size was not significantly changed for milks 
pre-treated at pH 6.5 and 6.7 at 95% confidence interval, but significantly increased for milk 
pre-treated at pH 7.1. The reduction in micelle size due to pre-treatment correlates well with 
theory that more κ-casein dissociates with increasing pH and our corresponding results in 
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Figure 5.7. However, the magnitude of reduction in milk pre-treated at pH 7.1 seems to be too 
high to be caused by κ-casein dissociation alone. The κ-casein protruding from the micelle 
surface is usually 7 nm long (Walstra, 2005a). The maximum theoretical reduction in a micelle 
diameter due to κ-casein removal would be 14 nm. But, the reduction observed was twice this 
magnitude. Literature does suggest that heating can cause shrinking of micelles. So it is 
possible that the observed size change here was a combination effect of micelle shrinkage and 
κ-casein dissociation.  
Only significant difference in the zeta potential of the milks was between milk pre-treated at 
pH 6.5 and pH 7.1. However, post UHT there is no significant difference between three milks.  
The poly dispersity index is a measure of size range in a sample being measured by the Malvern 
Zetasizer. The poly dispersity index of the milks at different stages of processing is tabulated 
in Table 5.5. A poly dispersity index value of greater than 0.7 indicates that the sample has a 
very broad size range, and hence indirectly indicates that aggregates are present. All the values 
in Table 5.5 are below 0.2 and hence indicate little or no inter-micellar aggregation.  
Table 5.5: Poly dispersity index of the different pre-treated milks at various stages of processing and after 4 weeks 
storage. 
 Pre-treatment pH 
 6.5 6.7 7.1 
Recon 0.1 0.1 0.1 
Pre UHT 0.1 0.1 0.1 
Post UHT 0.1 0.1 0.1 
Week 4 0.2 0.1 0.1 
Note: All the values had standard deviations ≤ ±0.04 
 
Micelle size distribution 
The particle size distribution of the reconstituted pre-treated, and UHT treated milks was 
measured using the method described in Section 3.1.4 and the data are plotted in Figure 5.9. 
Relevant size distribution data is also presented in Table 5.6. The micelles in the milk normally 
range from 50 – 500 nm in diameter. The small peak in the size range of 1 – 100 µm in the 
reconstituted milk sample was possibly due to insoluble particles that form during SMP 
manufacturing or residual fat droplets. The SMP used for this trial had an insolubility index of 
0.1 ml (from the certificate of analysis) and fat content of 1.05% (m/m). Particle size 
distributions for all the milks showed little change after UHT treatment.  
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Stokes law was used to calculate the diameter of micelles that will settle at the end of 1, 4, and 
25 week when stored in a 90 mm high container. The calculated values were 2.7, 1.3, and 0.5 
µm respectively. The d(0.1), d(0.5), d(0.9), D[3,2], D[4,3] and volume occupied by micelles 
larger than 0.5, 1.3, and 2.7 µm is recorded in Table 5.6 . The d(0.1), d(0.5), and d(0.9) values 
for all UHT milks are very similar and will not lead to substantial increase in the sedimentation 
velocity.  
 
Figure 5.9: Particle size distribution of three recon milks at different stages of processing. 
Table 5.6: Particle size distribution data for three recon milks at different stages of processing. Values are averages 
for two runs. 
Sample name d(0.1) d(0.5) d(0.9) D[3,2] D[4,3]  Vol % Vol % Vol % 
 (µm) (µm) (µm) (µm) (µm) > 0.5 µm > 1.3 µm > 2.7 µm 
Recon skim milk 0.065 0.129 0.29 0.112 1.202 6% 5% 5% 
pH 6.5 pre-UHT milk 0.066 0.131 0.272 0.113 0.518 4% 2% 2% 
pH 6.5 UHT milk  0.066 0.13 0.266 0.112 0.321 3% 2% 2% 
pH 6.7 pre-UHT milk 0.064 0.126 0.255 0.109 0.416 3% 2% 2% 
pH 6.7 UHT milk 0.066 0.131 0.271 0.113 0.455 4% 3% 3% 
pH 7.1 pre-UHT milk 0.069 0.126 0.233 0.113 0.233 2% 1% 1% 
pH 7.1 UHT milk 0.071 0.132 0.264 0.119 0.644 5% 5% 5% 
 
The volumes occupied by particles larger than 0.5, 1.3, and 2.7 µm at different stages of 
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occupied by particles larger than 0.5 µm. The volume occupied by these larger particles after 
pre-treatment was inversely proportional to the pH of the pre-treatment.  
Particles greater than 0.5 µm after reconstitution can be insoluble particles, or micellar 
aggregates formed during powder formation. During pre-treatment step milk was held at 70 °C 
for 30 min. Extra hydration time at elevated temperatures would have led to improved 
dispersion and hydration of the dry powder particles. Higher pH would aid in dissolution due 
to increased protonation ability of milk serum. At a given temperature κ-casein dissociation 
increases with increasing pH (Anema & Klostermeyer, 1997) as shown in Figure 5.7. The κ-
casein dissociation may have separated micelles aggregated to each other by β-lactoglobulin 
and κ-casein linkages. 
UHT treatment resulted in decrease in larger particles from milk pre-treated at pH 6.5, and an 
increase in milk pre-treated at pH 6.7 and 7.1. The maximum change was observed in milks 
pre-treated at pH 7.1. This may be due to the nature of the surface of the micelles after pre-
treatment; there was the least κ-casein on micelles pre-treated at pH 7.1 and hence these were 




Figure 5.10: Volume occupied by particles above specified size at different stages of processing. (a) > 0.5 µm, (b) > 1.3 
µm, (c) > 2.7 µm. Values are averages of two runs. 
The volume moment mean diameter D[4, 3] is a useful measurement to compare particle size 
in similar solutions, especially when larger particles are of interest. The wet sediment weight 
in Figure 5.5(b) are plotted against their D[4, 3] values in Figure 5.11 (primary vertical axis). 
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(secondary vertical axis). There is a very good correlation of the sediment weight and the 
calculated settling velocity at the measured D[4, 3] and it appears that it may be a helpful 
indicator in predicting sedimentation.  
 
Figure 5.11: Sediment wet weight of UHT milks (primary vertical axis) and Stokes velocity (secondary vertical axis) 
plotted against D[4, 3] values. 
5.3.4. CONCLUSIONS AND RECOMMENDATIONS  
 κ-casein dissociation from the micelles during UHT treatment was independent of the 
amount of κ-casein present on the micelle surface before treatment. This is an 
interesting finding and the cause for it is not known. It is recommended that κ-casein 
dissociation be studied further to understand how is the nature of different κ-caseins 
(e.g. degree of polymerization with other κ-casein by disulphide bonds, degree of 
lactosylation, the net charge etc.) and how this may affect their dissociation from the 
micelle during heat treatment.  
 Altering the amount of κ-caseins on the micelles prior to heat treatment was not a good 
strategy to test this hypothesis and an alternate strategy is required. Cross-linking κ-
caseins with the micelles may allow reduction of heat induced κ-casein dissociation and 
allow for comparison of sedimentation in milks containing different amount of micellar 
κ-casein.  
 Settling velocities calculated using D[4, 3] values in the stokes equation gave very good 


























































over a range of UHT treated milks can serve as a good predictor for the sedimentation 
during storage.  
 TRANSGLUTAMINATION OF MICELLES  
5.4.1. INTRODUCTION 
UHT treatment of milk results in dissociation of significant amounts of κ-casein from the 
micelles. The destabilized micelles are less stable against inter-micellar aggregation during 
storage. Inter micellar aggregation gives rise to larger micelles that settle faster and cause 
increased sedimentation during storage. 
Reducing the extent of heat induced dissociation of κ-casein from the micelle can enhance the 
stability of milk against heat-induced coagulation (O’Connell & Fox, 2003). Traditionally, 
covalent intermolecular cross-linking of proteins was achieved through glutaraldehyde 
addition (Anderson et al., 1984) , but this agent was not permitted for use in food products due 
to its toxicity. Treatment of milk with the enzyme transglutaminase (TG) can result in covalent 
intramicellar cross-linking of caseins (Sharma et al., 2001; Smiddy et al., 2006) and prevent 
heat-induced dissociation of κ-casein and increases the heat stability of milk (O'Sullivan et al., 
2002; O'Sullivan et al., 2001; Smiddy et al., 2006). 
O'Sullivan et al. (2002) and Smiddy et al. (2006) have shown that treating milk with TG can 
increase the stability of casein micelles against disruption on addition of urea or citrate, SDS, 
heating in the presence of ethanol, or high-pressure treatment. 
5.4.1.1. HYPOTHESIS 
The covalently crosslinking of micelles would prevent heat induced κ-casein dissociation 
during the UHT process and will make micelles stable against inter-micellar aggregation and 
hence sedimentation during UHT milk storage.  
5.4.2. MATERIALS AND METHOD 
The reconstitution and incubation process is given below in Figure 5.12. 
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Reconstituted milk was made by dissolving low heat skim milk powder in reverse osmosis 
water at 45  °C for 30 min. The milk was reconstituted to give a concentration of 9.6% TS. Due 
to the limited reconstitution tank capacity batch 1 was reconstituted separately.  
In total 6 batches were processed. Batch 1 and batch 2 were control batches without any enzyme 
treatment; batch 1 was cooled to 4 °C and held at this temperature overnight while batch 2 was 
first cooled to 35 °C, held for 3 h and then cooled to 4 °C and overnight. Batch 3 and batch 4 
were cooled to 35 °C, held 3 h, then cooled to 4 °C dosed with TG enzyme at the concentration 
of 100 units kg milk-1 and left incubating overnight at 4 °C. This incubation was referred to as 
cold TG elsewhere. Batch 5 and Batch 6 were cooled to 35 °C and inoculated with TG enzyme 
at the concentration of 100 units kg milk-1, incubated at 35 °C for 3 h, then cooled to 4 °C and 
held overnight. This incubation was referred to as hot TG elsewhere. All six batches were direct 
UHT treated on the following morning in a random order using the MicroThermics® 2011 E 
series miniature UHT processor in the Applications Development Laboratory at Fonterra 
Research and Development Centre (see Section 4.2.1).  
The feed flow rate was 60 kg h-1. Milk was preheated to 80 °C and held for 30 s, then heated 
to 144 °C using direct steam injection and held for 7 s, then cooled to 80 °C using flash cooling, 
then cooled to 20 °C and aseptically packed into 400 ml PET containers. The product containers 
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5.4.3. RESULTS AND DISCUSSION 
The milk composition of all the UHT treated milks is recorded in Table 5.7. 
Table 5.7: Milk composition. 
 
 
The sediment weight produced by different UHT milks was measured according to the method 
described in Section 3.1.1 and 95% confidence interval for the mean is plotted in Figure 5.13. 
The difference in the amount of sediment produced by control 1 and control 2 was not 
significant. It implied that 3 h hold at 35 °C did not have a significant impact on UHT milk 
sedimentation  
4 °C TG incubation reduced the sedimentation by half, but 35 °C TG incubations resulted in 
no significant difference.  
 
Figure 5.13: 95% confidence interval plot of the sediment weight at the bottom of UHT milk container after 4 weeks 
dark storage at 20 °C. 
 
 Fat 
g (100 ml)-1  
Protein 
g (100 ml)-1 
Lactose 
g (100 ml)-1 
TS 
g (100 ml)-1 
Batch 1 (control 1) 0.10 3.47 5.80 9.47 
Batch 2 (control 2) 0.10 3.48 5.78 9.51 
Batch 3 (cold TG) 0.11 3.49 5.88 9.62 
Batch 4 (cold TG) 0.10 3.50 5.89 9.62 
Batch 5 (hot TG) 0.11 3.47 5.91 9.56 
Batch 6 (hot TG) 0.11 3.48 5.89 9.59 
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pH and ionic calcium  
Table 5.8: pH and ionic calcium in different batches 
 pH 
Ionic calcium  
(mM) 
Batch 1 (control 1) 6.75 1.40 
Batch 2 (control 2) 6.71 1.42 
Batch 3 (4 °C TG incubation) 6.71 1.41 
Batch 4 (4 °C TG incubation) 6.71 1.41 
Batch 5 (35 °C TG incubation) 6.71 1.41 
Batch 6 (35 °C TG incubation) 6.72 1.45 
 
The pH and ionic calcium values were measured according to the method described in Section 
3.1.5 and 3.1.7 respectively, and recorded in  
Table 5.3. The difference in the pH and the ionic calcium values in all the UHT milks were 
minimal and cannot be responsible for the difference in sedimentation observed between the 
control and the cold TG and hot TG milks. 
Reduced SDS PAGE (Bioanalyzer) 
Protein characterization of reconstituted skim milk and serum prior to any treatment, and all 
UHT treated milk serums, was conducted using reduced SDS PAGE using the Agilent 
Bioanalyzer. The samples were produced using the method described in Section 3.1.8. Figure 
5.14 shows the electrophoretograms where peaks corresponding to different proteins are 
labelled. Peaks corresponding to κ-casein show that UHT treatment led to a considerable 
increase in serum phase κ-casein present in the control 1 and control 2 serums (Batch 1 & Batch 
2). In contrast, the κ-casein peak in the TG incubated milks (Batch 3 – Batch 6) was much 
smaller, implying that transglutamination successfully cross linked the micelles and prevented 
the heat induced κ-casein dissociation in enzyme treated milks. 
A comparison of the β-lactoglobulin peak in pre-UHT and UHT serums shows a reduction. The 
peak for the control milks was higher than for the enzyme treated milks. The peak for all 
enzyme treated milks were comparable. 
The difference between the area under the pre-UHT serum and UHT serum peak corresponds 
to the β-lactoglobulin that associated with micelles during heat treatment. The results show that 
more β-lactoglobulin attached to micelles in the enzyme treated milks. This means that 
according to the proposed mechanism, enzyme treated micelles should be more stable than the 
control. Even though the micelles in the cold TG and hot TG milks had similar protein 
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compositions, sedimentation was reduced only by cold TG. As hydrophobic interactions are 
weaker at lower temperatures, the micelles crosslinked at 4 ˚C would have been crosslinked in 
a more voluminous state compared to micelles crosslinked at 35˚C. The more voluminous 
micelles would be less dense and would have settled at a lower rate and hence resulted in less 
sedimentation.   
 
Figure 5.14: Reduced SDS PAGE Electrophoretogram of the recon milk serum before TG treatment and after UHT 
treatment. 
Reduced SDS PAGE (classical method) 
All the UHT treated milks and their serums were also analysed on a traditional PAGE (Section 
3.1.8) and the picture of the gel is shown in Figure 5.15. Caseins and whey proteins of interest 
are labelled, lanes are numbered and the sample ran in each well was labelled. The milks and 
serums were dissolved in the SDS sample buffer at a concentration of 1/40 and 1/20 (v/v).  
The figure shows that batch 1 UHT milk (lane 2) and serum (lane 8) had all the caseins and 
whey protein bands in their respective lanes. However, all four TG treated milks (lane 3-6) and 
serums (lanes 9-12) showed no bands corresponding to κ-casein. The β-lactoglobulin bands in 
the lanes containing TG incubated serums were lighter compared to the non-incubated serum 
lane. These results corroborate the reduced SDS PAGE results of the Bioanalyzer. Sample 
wells 1, 2, 7, and 8 are clear and contain no protein samples that did not enter the gel matrix as 
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in the lanes 9-12, it cannot be said that transglutamination stopped the dissociation of κ-casein 
from the casein micelles. It was possible that TG cross linked the κ-caseins with κ-caseins on 
the micelle surface but not with the other caseins in the micelle core. The cross-linked κ-caseins 
may still have dissociated from the micelles but did not enter the gel matrix due to large size 
caused by TG cross-linking. 
 
Figure 5.15: Reduced SDS PAGE gel showing the UHT milk and serum samples. 
 
TN and NPN  
Total nitrogen and non-protein nitrogen in all the UHT milks and the corresponding serums 
were measured to calculate the amount of protein in the serum phase of TG incubated and non-
incubated control milks. The results are plotted in Figure 5.16. Both the incubated and control 



































































































































































































did not stop the heat induced dissociation of κ-casein from the micelles and possibly did not 
lead to more β-lactoglobulin association with the micelles in the TG incubated milks.  
 
Figure 5.16: Fraction of protein in serum phase after UHT treatment in different milks. Error bars are ± 1 standard 
deviation of duplicate runs. 
Whey protein denaturation 
Whey protein denaturation was measured using the method described in Section 3.1.11 and the 
results of β-lactoglobulin denaturation are plotted Figure 5.17.  
 
Figure 5.17: β-lactoglobulin denaturation in the UHT treated milks. Error bars are ± 1 standard deviation of 
duplicate runs. 
The enzyme treatment led to a 10-15% reduction in the β-lactoglobulin denaturation during 
UHT treatment. β-lactoglobulin denaturation is a two-step reaction. On heating β-lactoglobulin 
starts to unfold and expose its reactive –SH group and starts to react with disulphide groups in 
other β-lactoglobulin, α-lactalbumin, and κ-caseins. The unfolding step is reversible until the –
SH group reacts with an available disulphide group. The electrophoretogram in Figure 5.14 
shows about 50% of κ-casein in the non-enzyme treated milk moved into the serum phase while 





















































these dissociated κ-casein in serum are more readily available for the unfolded β-lactoglobulin 
to form disulphide bond than the κ-casein on the micelle surface. It was also possible that cross-
linked κ-casein polymers dissociate from the casein micelles (protein that did not enter the gel 
matrix in Figure 5.15) in TG incubated milks but did not react with unfolded β-lactoglobulin.  
Micelle diameter 
The micelle size in the control and the enzyme treated milks was determined by Malvern 
Zetasizer according to the method described in Section 3.1.3. The micelle sizes before and after 
UHT treatment are plotted in Figure 5.18. The graph shows that the micelle size in cold TG 
treated milk was about 10 nm larger in diameter than the other milks. It is known that 
hydrophobic interactions in the micelles become weaker with decreasing temperatures. At 
chilled temperatures the caseins become more soluble and start to come out of the micelles into 
the serum phase of the milk. At 4 °C, due to a reduction in hydrophobic interactions the micelle 
becomes swollen. In the milks incubated at 4 °C TG enzyme will start cross linking micelles 
in this swollen form. In contrast, at 35 °C micelles will be a little compressed and will be cross 
linked in this compressed form. As a result the micelles incubated at 4 °C will be 1.2 times 
more voluminous (ratio of volume of spheres of diameter 172 and 160 nm) and hence more 
hydrated and would settle slower.  
 
Figure 5.18: 95% confidence interval plot of the micelle diameter before and after UHT treatment in studied milks.  
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Micelle water of hydration 
The water of hydration in the micelles of different UHT milks was measured according to the 
method described in Section 3.1.10 and the results are plotted in Figure 5.19. The TG incubated 
UHT milks were significantly different from control 1, but not from each other at 95% 
confidence interval. It was possible that at high g values used, the water in the micelles was 
expunged and hence the differences were not evident. The method may not be useful in 
determining the differences in the milks that have received similar heat treatment.  
 
Figure 5.19: Water of hydration in centrifuged casein pellets. 
Micelle size distribution 
The particles size distribution was conducted a day after processing using the method described 
in Section 3.1.4. The results for all the UHT treated milks and two control batches before UHT 
treatment are plotted in Figure 5.20 and the relevant size distribution data is recorded in Table 
5.9. A small peak around 10 µm was present in the pre-UHT milks. This was assumed to be 
from insoluble particles present in the SMP used for reconstitution. After processing this peak 
was absent in the two control milks and milks incubated at 4 °C. A reduced peak was however 
present in the batches incubated at 35 °C. It cannot be said with certainty if this peak was from 
the same material as in the pre-UHT milk or due to some inter-micellar aggregates formed 
during the UHT process. The presence (or absence) of this peak cannot reliably be used as a 
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test for the prediction of sedimentation in UHT milks, as the maximum sediment weight was 
recorded for the control 2 (control hot) and its particle size distribution did not show this peak.  
 
Figure 5.20: Micelle size distribution of UHT treated milks. 
The 4 week sediment wet weight (from Figure 5.13), and D[4, 3] and settling velocity at D[4, 3] 
values for the two control and two TG treated UHT milks are plotted in Figure 5.21 and a 
correlation is visible. As D[4, 3] favours the larger particles, this correlation indicates that 
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Table 5.9: Particle size distribution data for three recon milks at different stages of processing. 
Sample Name d(0.5) d(0.9) D[3, 2] D[4, 3] Vol % Vol % Vol % 
 (µm) (µm) (µm) (µm) > 0.5 µm > 1.3 µm > 2.7 µm 
pre UHT control 1 0.128 0.249 0.116 0.480 4.00% 2.69% 2.59% 
pre UHT control 2 0.127 0.246 0.115 0.481 3.76% 2.57% 2.55% 
UHT control 1 (batch 1) 0.132 0.241 0.119 0.155 1.39% 0.14% 0.00% 
UHT control 2 (batch 2) 0.128 0.239 0.114 0.219 2.03% 0.93% 0.79% 
UHT 4 °C TG 0.125 0.228 0.112 0.145 1.14% 0.08% 0.00% 
UHT 35 °C TG 0.126 0.237 0.113 0.228 2.22% 0.99% 0.90% 
 
 
Figure 5.21: Sediment wet weight (primary vertical axis), D[4, 3] and settling velocity (secondary vertical axis) for the 
UHT treated milk samples. 
5.4.4. CONCLUSIONS AND RECOMMENDATIONS  
 It cannot be said conclusively that the transglutamination prevented κ-casein 
dissociation from the micelles  
 Transglutamination reduced the β-lactoglobulin denaturation during UHT treatment by 
10-15% 
 4 °C overnight transglutamination at a concentration of 100 units kg milk-1 was 
effective in reducing sedimentation by half when compared to the control at 95% 
confidence interval. This was most likely due to crosslinking at this temperature 
resulting in a more voluminous micelle which would be more hydrated and effectively 































   
   
   
   
   
   
   
   
   
   
   
   








































sed weight D [4,3] sed velocity
96 
 
 Transglutamination at 4 °C may prevent inter-micellar aggregation as evidenced by 
D[4, 3] analysis. 
 OVERALL CONCLUSIONS 
A clear comparison between UHT milks with different micellar κ-casein could not be made 
due to the difficulty in producing such UHT milks.  
The results of this chapter also showed that κ-casein dissociation was predominantly a heat 
induced phenomenon and is not affected by different processing factors such as heating rates, 
steam shear, liquid vapour interface and steam bubble cavitation. As the UHT temperature is 
set within the range 140 – 145 °C, κ-casein dissociation cannot be reduced by any processing 
parameters.  
Other experiments in Section 6.2.3.5 will show that both direct and indirect UHT process have 
similar level of κ-casein dissociation, but differ in terms of the amount of β-lactoglobulin that 
attaches to the micelles. β-lactoglobulin association with casein micelles depends on the time 
the milk spends at temperatures above β-lactoglobulin denaturation temperatures. In the direct 
UHT process milk spends minimal time at these elevated temperatures and some process 
modification can be employed to increase the stabilization process. β-lactoglobulin association 




STABILIZATION: ASSOCIATION OF DENATURAED Β-
LACTOGLOBULIN WITH CASEIN MICELLES 
 INTRODUCTION  
This chapter aims to explore different ways of increasing β-lactoglobulin association with the 
micelles in order to reduce sedimentation in UHT milks.  
The specific objective are  
1. To compare the effect of decreasing the casein to whey protein ratio on sedimentation in 
direct and indirect UHT milks as a possible means of increasing micelle stabilization and 
hence reduction of sedimentation.  
2. To study the effect of direct steam injection on whey protein denaturation to test if this 
process may give any additional advantage in increasing micelle stabilization and hence 
reduce sedimentation 
3. To compare sedimentation in UHT milks containing different levels of whey proteins 
associated with casein micelles to validate the stabilization step of the proposed mechanism 
in Section 0. 
4. To explore ways of modifying direct UHT process in order to increase micelle stabilization 
and reduce sedimentation. 
5. To test the impact of the flash vessel on UHT sedimentation.  
6. To test if the slow heating or the slow cooling part of indirect UHT process is more 
important in micelle stabilization and sedimentation.  
 CASEIN WHEY PROTEIN RATIO 
6.2.1. INTRODUCTION 
Whey protein isolate contains about 90% protein and 70% β-lactoglobulin (by mass). Addition 
of whey protein isolate to milk prior to UHT treatment will increase the β-lactoglobulin 
substrate that will potentially associate with the casein micelles during UHT treatment. 
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Increasing the amount of whey protein associating with the micelles was likely to reduce the 
inter-micellar aggregation during UHT milk storage and reduce sedimentation. 
6.2.1.1. HYPOTHESIS 
Whey protein stabilized micelles are sterically more stable against aggregation during storage 
and hence lead to reduced sedimentation. 
6.2.2. MATERIALS AND METHOD 
Recombined milk was made by dissolving low heat skim milk powder in reverse osmosis water 
to get the total solids concentration of 9.6 g 100 ml milk-1. Due to low sedimentation in earlier 
study. A mass fraction of 0.0007 CaCl2 (g g SMP
-1) was also added to make the sedimentation 
more pronounced. This addition rate equates to 0.6 mM CaCl2 L
 milk-1. CaCl2 addition is 
known to increase the ionic calcium (Sievanen et al., 2008) which is an important factor in 
increasing sedimentation in UHT milk (Lewis et al., 2011). Sievanen et al. (2008) reported 1 
mM CaCl2 addition to bovine milk increased the ionic calcium from 2.04 ± 0.26 mM to 2.28 ± 
0.31 mM .  Skim milk pH was plotted against CaCl2 (mM) addition (Appendix 2). CaCl2 
addition reduced pH at the rate of 0.03 per mM added CaCl2. Both pH and ionic calcium in 
milk after addition of CaCl2 were within the range of natural variation found in milk.  
The recombined milk was used to prepare milks with casein:whey protein ratios of 80:20, 75:25 
and 70:30 by adding 0%, 0.22% and 0.47% whey protein isolate (g   milk-1). The whey protein 
isolate contained 70% β-lactoglobulin and 4% moisture. The pH values of these milk streams 





Figure 6.1: Recombining process for the production of milks with different casein to whey protein ratios. 
All three milks were processed using both direct steam injection and indirect UHT treatment 
using the MicroThermics® E series miniature UHT processor in the Fonterra Research and 
Development Center’s Application Development Laboratory (described in Section 4.2.1). The 
direct steam injection and indirect treatments were conducted on consecutive days. All runs 
were done in duplicate and in a random order. For duplicate runs the milks were reconstituted 
separately on the day of processing. The treated milks were packed into 400 ml sterile PET 
containers and stored at 20 °C in a dark temperature controlled room.  
The milks were preheated to 80 °C and held at this temperature for 30 s, and then heated to 144 
°C using DSI in direct mode or using a heat exchanger in indirect mode and held for 7 s, and 
then cooled to 75 °C using flash cooling in direct mode or a heat exchanger in indirect mode, 
and then cooled to 20 °C using a heat exchanger.  
RO Water
45 °C
Add + mix 30 min
SMP




Add + mix 30 min
WPI (2.2 g kg milk-1)
Add + mix 30 min





6.2.3. RESULTS AND DISCUSSION 
6.2.3.1. SEDIMENT WEIGHT 
The sediment was measured according to both the centrifugation (section 3.1.2) and natural 
settling method (section 3.1.1) after 4 weeks dark storage at 20 °C and the results are plotted 
in Figure 6.2. The results from the centrifugation method do not co-relate with natural 
sediment. Therefore, from this point onwards in this thesis only natural sediment is 
measurement is used.  
Whey protein addition gave opposite sedimentation trends in the DSI and indirect UHT treated 
milks. The DSI treated milks produced more while the indirect UHT treated milks produced 
less sediment, with increasing whey protein addition. 
 
Figure 6.2: Sediment weight formed in the direct and indirect UHT treated milks at the end of 4 weeks dark storage 
at 20 °C; (a) centrifuged dry sediment, (b) Sediment deposited at the bottom of the container. Error bars are ± 1 









































































6.2.3.2. MICELLE SIZE 
Micelle size was measured using the Malvern Zetasizer (Section 3.1.3) for the milks before 
and after UHT treatment and the results are plotted in Figure 6.3. DSI and indirect UHT 
treatments resulted in opposite effects on the micelle diameter with added whey protein. DSI 
treatment resulted in a decrease in micelle size (significant at 95% confidence interval) when 
WPI was added before treatment. The reduction in size did not increase with increasing whey 
protein addition.  
 
Figure 6.3: Micelle diameter measured using the Malvern Zetasizer. Error bars are ± 1 standard deviation of 
duplicate runs. 
On the other hand, the indirect treatment resulted in an increase in micelle size for the control 
as well as the milk containing WPI. The increase in micelle diameter increased with increasing 
WPI addition. The change of micelle diameter from 210 nm to 260 nm will amount to doubling 
of the micelle volume which is not very likely to occur in a UHT treatment. However, the size 
increase trends may point to an increase in β-lactoglobulin association with increasing WPI 
addition and indirect UHT treatment. 
6.2.3.3. PARTICLE SIZE DISTRIBUTION 
Particle size distributions were measured using the Malvern Mastersizer (Section 3.1.4). 
Particle size distribution curves for various DSI and indirect UHT milks before and after 
processing are plotted in Figure 6.5 and the particle size distribution data is given in Table 6.1. 
After DSI treatment, overall particle size distribution was unchanged except in relation to 



































broadening and shifting of the main peak, which was consistent with the micelle size data from 
Zetasizer. The peak around 10 µm completely disappeared with indirect UHT treatment.  
It was assumed that this peak corresponded to insoluble particles present in the skim milk 
powder (see discussion in Section 5.4.3). One possible explanation for the absence of this peak 
in the indirectly processed milks is that the heat exchangers provide a large surface area for 
fouling and these insoluble would have deposited on the heated surface. Direct steam injectors 
do not have high surface areas and there was a higher chance for the insoluble particles to 
remain suspended in the liquid and make it to the packed product. Presence of this additional 
peak cannot be used as a test for predicting sedimentation (see discussion in Section 5.4.3). 
Table 6.1: Particle size distribution data. 
Sample Name d(0.5) d(0.9) D[3, 2] D[4, 3] Vol % Vol % Vol % 
 (µm) (µm) (µm) (µm) > 0.5 µm > 1.3 µm > 2.7 µm 
80:20 pre DSI  0.13 0.268 0.112 0.316 3.77% 1.75% 1.54% 
80:20 DSI  0.127 0.252 0.11 0.175 1.96% 0.40% 0.22% 
75:25 pre DSI  0.124 0.252 0.107 0.277 2.85% 1.58% 1.45% 
75:25 DSI  0.13 0.258 0.111 0.159 1.98% 0.27% 0.00% 
70:30 pre DSI  0.129 0.267 0.112 0.295 3.611 1.69% 1.44% 
70:30 DSI  0.135 0.287 0.116 0.26 3.44% 1.65% 1.19% 
80:20 pre IND  0.127 0.242 0.115 0.304 3.10% 1.65% 1.53% 
80:20 IND  0.136 0.279 0.115 0.167 2.15% 0.22% 0% 
75:25 pre IND  0.129 0.264 0.111 0.332 3.52% 1.79% 1.65% 
75:25 IND  0.157 0.352 0.131 0.2 3.54% 0.51% 0% 
70:30 pre IND  0.128 0.259 0.11 0.318 3.22% 1.80% 1.64% 
70:30 IND  0.176 0.393 0.144 0.221 4.87% 0.56% 0% 
 
Figure 6.4: Sediment wet weight (primary vertical axis), D[4, 3] and settling velocity (secondary vertical axis) for the 
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The sediment wet weight (Error! Reference source not found.), D[4, 3] and calculated 
settling velocity at that D[4, 3] are plotted in Figure 6.4. In contrast to particle size distribution 
data in CHAPTER 5a very poor correlation is observed of settling velocities calculated using 
D[4, 3] and sediment wet weight. For DSI treated milk (shown blue in Figure 6.5) a similar 
trend is observed, but it is opposite for indirect UHT treated milk (yellow). Therefore, using 
D[4, 3] may be a good predictor for sedimentation in DSI treated milks, but not for indirect 
UHT milks. 
 MICELLE ZETA POTENTIAL 
The zeta potentials for milks before and after UHT treatment were measured using the method 
described in Section 3.1.6 and plotted in Figure 6.6.  Both DSI and indirect UHT caused a small 
but insignificant change in the micelle zeta potential in milks containing 0, 0.22% and 0.47% 
WPI (g WPI g milk-1). This is unlikely to change the steric stability of the micelles and hence 
will not affect inter-micellar interaction and hence sedimentation.  
 
Figure 6.6: 95% confidence interval for the mean of milks containing 0, 0.22% and 0.47% WPI (g WPI (g milk)-1) 




6.2.3.4. WHEY PROTEIN DENATURATION 
Whey protein denaturation was measured according to the method described in Section 3.1.11. 
Indirect UHT treatment resulted in more whey protein denaturation than DSI. This was 
probably due to less time spent by milk at elevated temperatures during direct UHT treatment. 
However, the level of denaturation due to direct UHT was still 30 – 40% higher than expected. 
This was due to a holding time of 60 s or more in the evaporator vessel at 90 °C. This holding 
time was significantly higher than that in the LHT plant. The values and error bars in Figure 
6.7 are the average and standard deviations of the duplicate runs. The higher error bars for DSI 
treated milks with a casein:whey protein ratio of 80: 20 was due to the temperature drop in the 
high heat section during processing of the first of the duplicate batches. The lowest temperature 
recorded at the end of the holding tube was 141 °C. Increasing WPI addition lead to an increase 
in the percentage of denaturation of α-lactalbumin, β-lactoglobulin, and total whey protein. The 
trend was the same for both DSI and indirect UHT treated milks. Increased β-lactoglobulin can 
also result in increased association with the casein micelles which would increase the stability 
of micelles against intermicellar aggregation and hence aid in reducing sedimentation. 
However, in DSI milks this increased association of β-lactoglobulin did not reduce 
sedimentation. This may be due to increased dissociation of κ-casein discussed in next section. 
 
Figure 6.7: β-lactoglobulin denaturation in the DSI and indirect UHT treated milks. Error bars are ± 1 standard 
deviation of duplicate runs. 
6.2.3.5. REDUCED SDS PAGE 
Reduced SDS PAGE analysis was conducted on the pre-UHT and UHT milk serums according 
to the method described in 3.1.8. Electrophoretograms of milk serums before and after DSI and 




































lactoglobulin were calculated, and the difference between pre and post values were used to 
estimate destabilization (κ-casein dissociation from the micelle) and stabilization (β-
lactoglobulin association with the micelles). The values of destabilization and stabilization are 
recorded Table 6.2 and Table 6.3 respectively. 
 
Figure 6.8: Electrophoratograms of milk serums before and after UHT at different casein to whey protein ratio; (a) 
DSI (80:20), (b) DSI (75:25), (c) DSI (70:30), (d) Indirect (80:20), (e) Indirect (75:25), and (f) Indirect (70:30). 
In DSI treated milks an increasing destabilization trend (more κ-casein in the serum) was 
visible with increased WPI addition, but with indirect UHT treated milks the destabilization 
was not strongly affected by WPI addition. 
Table 6.2: Change in the κ-casein in serum caused by UHT treatment expressed as the ratio of κ-casein in serum after 
heating / κ-casein before heating. 
Casein:whey  DSI Indirect 
80:20 3.0  2.5  
75:25 3.7  3.3  
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In DSI treated milks, approximately 30% of the β-lactoglobulin associated with the casein 
micelles. In indirect UHT milk, approximately 50% β-lactoglobulin associated with the casein 
micelles, except in milk with casein: whey ratio of 75:25.  
Table 6.3: β-lactoglobulin associated with the casein micelles after UHT treatment. 
Casein:whey DSI Indirect 
80:20 31% 48% 
75:25 29% 37% 
70:30 27% 50% 
 
An attempt was made to quantify the number of κ-caseins and β-lactoglobulin molecules on 
the micelle surface. A number of assumptions were made: 
 All the β-lactoglobulin disappearing from the serum phase became associated 
with the micelles.  
 30% and 50% of the total β-lactoglobulin present in serum is associated with 
micelles after DSI and indirect UHT treatment, respectively.  
 15% of the total κ-casein was present in the serum after reconstitution i.e. prior to 
UHT treatment.  
 The entire amount of whey protein was present in the serum phase post 
reconstitution, disregarding any whey protein association with micelles due to 
milk powder manufacturing.  
 The concentration of κ-casein and β-lactoglobulin in milk after reconstitution was 
the same as for fresh skim milk i.e. 3.4 and 3.3 g kg milk-1 (Walstra et al., 2006).  
 β-lactoglobulin concentration in the WPI was 70% (g g powder-1).  
 All κ-casein and β-lactoglobulin molecules had uniform molecular weight of 
19,550 and 18,283 Dalton respectively.  
 
Using the molecular weight, the moles of κ-casein and β-lactoglobulin on the micelles were 
calculated. The κ-casein and β-lactoglobulin on the casein micelles after direct and indirect 
UHT treatment at different casein:whey protein ratios are recorded in Table 6.4. It is clear that 
at all casein to whey protein ratios an indirectly treated micelle is more covered and hence is 
sterically more stable against aggregation and hence sedimentation. Also, β-lactoglobulin can 
only attach to κ-casein on the micelle surface. Increased WPI addition increased the κ-casein 
dissociation and hence reduced the available sites on micelles. This reduction in reaction sites 
would have led to more exposed sites on the micelles and hence more potential for aggregation 




 Table 6.4: Micellar κ-casein and β-lactoglobulin after DSI and indirect UHT treatment at different casein:whey 
protein ratios. 
  DSI   Indirect  
  
κ-casein β-lactoglobulin Total  κ-casein β-lactoglobulin Total  
(mM kg milk-1) (mM kg milk-1) (mM kg milk-1) (mM kg milk-1) (mM kg milk-1) (mM kg milk-1) 
80:20 0.07 0.05 0.12 0.08 0.09 0.17 
75:25 0.05 0.08 0.13 0.06 0.13 0.19 
70:30 0.04 0.11 0.15 0.08 0.18 0.25 
 
6.2.3.6. PH AND IONIC CALCIUM 
The values for pH and ionic calcium measured before and after UHT treatment were measured 
according to the method recorded in Sections 3.1.5 and 3.1.7 respectively. The results are 
recorded in Table 6.5. The pH values of all the milks before UHT treatment were between 6.70 
and 6.74, and were between 6.64 and 6.68 after UHT treatment. The ionic calcium values for 
the DSI and indirect milks were measured on separate days. The ionic calcium levels in indirect 
UHT milks were slightly less than indirect DSI milk and statistically significant at 95% 
confidence interval. However, these differences are most probably due to instrument and 
calibration error, rather than actual difference in the values and may not be reliably used to 
infer this difference as the cause of less sediment in indirect UHT treated milks. 
Table 6.5: pH and ionic calcium levels of DSI and indirect UHT milks before and after processing. 
 Pre-UHT Post UHT 
 Batch no. Casein: whey Ca2+ pH Ca2+ pH 
   (mM)  (mM)  
DSI 1 80:20 1.45 6.74 1.36 6.68 
DSI 2 75:25 1.46 6.71 1.29 6.65 
DSI 3 70:30 1.50 6.70 1.29 6.64 
DSI 4 80:20 1.38 6.72 1.30 6.67 
DSI 5 75:25 1.42 6.72 1.31 6.66 
DSI 6 70:30 1.41 6.71 1.29 6.66 
Indirect 7 80:20 1.19 6.72 1.21 6.66 
Indirect 8 75:25 1.20 6.72 1.22 6.65 
Indirect 9 70:30 1.23 6.72 1.21 6.64 
Indirect 10 80:20 1.23 6.73 1.20 6.65 
Indirect 11 75:25 1.22 6.72 1.18 6.66 
Indirect 12 70:30 1.21 6.72 1.17 6.67 
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6.2.4. CONCLUSIONS AND RECOMMENDATIONS 
 Decreasing the casein to whey protein ratio by adding WPI to milk reduced 
sedimentation in indirect UHT milks but increased the sedimentation in direct 
UHT milks 
 Addition of WPI led to an increase in κ-casein dissociation in direct UHT milk 
but not in indirect UHT which led to reduced sites for β-lactoglobulin association 
and hence less covered micelles after UHT which resulted in more sedimentation. 
 Centrifugation method used for measuring sediment in the UHT milk is not a 
good predictor of actual sediment that develops during storage. It may be used 
only as an indicator of colloidal stability of UHT milk system but not to predict 
sedimentation during storage.  
 EFFECT OF DSI ON Β-LACTOGLOBULIN DENATURATION 
6.3.1. INTRODUCTION 
Direct UHT treatment varies from indirect UHT treatment, both in terms of thermodynamic 
and hydrodynamic properties (see Section 5.2.1).  
6.3.1.1. HYPOTHESIS 
The cumulative effect of various thermodynamic and hydrodynamic factors during steam 
injection in milk (i.e., 60 °C.s-1 heating rate, steam shear, liquid-vapour interface and steam 
bubble cavitation, but not the bulk temperature of the solution) does not affect micelle 
stabilization. 
6.3.2. MATERIALS AND METHOD 
Whey protein denaturation and its association with casein micelles in milk are heat induced 
phenomena. Minimal whey protein denaturation occurs at temperatures below 75 °C. Milk was 
heated to 70 °C as described in Section 5.2.2.  
6.3.3. RESULTS AND DISCUSSION  
The β-lactoglobulin denaturation was measured according to the method described in Section 
3.1.11. The results for the β-lactoglobulin denaturation are shown in Table 6.6. Results show 
that no significant levels of denaturation of whey proteins took place in either DSI or indirect 
heated milks. The amount of denaturation is very much less than the typical 80% during UHT 
110 
 
processing. It can be said that except for the maximum heating temperature all the additional 
thermodynamic and hydrodynamic factors in DSI heating do not cause any whey protein 
denaturation and hence does not aid in the association of denatured whey proteins with the 
casein micelles. However, this does not preclude any such effects that occur only at higher 
UHT temperatures.  
Whey protein denaturation is a two step process. First the β-lactoglobulin unfolds reversibly 
and then irreversibly undergoes sulphydryl disulphide exchange with other β-lactoglobulin 
molecules. This experiment did not allow any holding, as the main objective was to test the 
denaturation during DSI and due to any other effect of DSI other than temperature.  




(% of total) 
(average ± s.d.) 
DSI 1.1 ± 0.6% 
Indirect  1.0 ± 0.5% 
Indirect diluted 2.3 ± 1.0% 
6.3.4. CONCLUSIONS  
High heating and cooling rates, high shear, liquid vapour interface and steam bubble cavitation 
does not cause whey protein denaturation at 70 °C. Therefore the direct steam injection process 
in and of itself does not contribute to micelle stabilization.  
 COMPARING EXTENDED PREHEATING AND POST-FLASH HEATING 
6.4.1. INTRODUCTION 
The amount of β-lactoglobulin associating with micelles depends on the heating time and 
temperature. Oldfield (1996) studied the interaction of whey proteins with the casein micelles 
using one step heating using DSI, within a range of 80 – 130 °C. 
The time spent by milks at elevated temperatures in the direct UHT process is about 70 – 100 
s less than during the indirect process. This section aims to modify the direct UHT process to 




Increased holding time at temperatures above whey protein denaturation temperatures, either 
before or after DSI, will increase whey protein association with the micelles and reduce 
sedimentation. 
6.4.2. MATERIALS AND METHOD 
In this study the direct steam injection UHT process was modified to hold milk at high 
temperatures to cause whey protein denaturation and increase β-lactoglobulin association with 
casein micelle in order to reduce sedimentation. The process flow outlining the recombination 
process and control and modified plant configuration is shown in Figure 6.9.  
Reconstituted milk was made by dissolving low heat skim milk powder (LHSMP) and 0.0007 
CaCl2.2H2O g (g skim milk powder)
-1 in reverse osmosis water at 45 °C for 30 min. The milk 
was cooled to less than 20 °C and then standardized to a milk total solids concentration of 9.6 
g (100 g milk)-1 using CEM. The results from the Milkoscan gave the total solid value of 9.75 
g (100 ml milk)-1. The Milkoscan composition results for all the batches before and after UHT 
treatment are recorded in Table 6.7.  




Temp Fat  Protein Lactose TS 
( °C) g (100 ml)-1 g (100 ml)-1 g (100 ml)-1 g (100 ml)-1 
Recon milk W13049  0.12 3.51 6.01 9.75 
 W13154  0.07 3.31 5.93 9.64 
 W13156  0.08 3.19 5.78 9.37 
Pre-heat W13050 80 0.09 3.46 5.79 9.43 
 W13051 90 0.09 3.5 5.9 9.59 
 W13052 100 0.09 3.45 5.79 9.42 
 W13053 90 0.09 3.52 5.98 9.69 
 W13054 100 0.09 3.5 5.91 9.61 
 W13055 80 0.11 3.45 5.86 9.56 
post-flash  W13057 75 0.09 3.59 6.13 9.99 
 W13058 80 0.09 3.58 6.13 9.95 
 W13059 75 0.09 3.58 6.16 9.93 
 W13060 100 0.09 3.58 6.12 9.93 
 W13061 80 0.09 3.59 6.19 9.97 
 W13062 100 0.09 3.59 6.15 9.97 
 W13063 90 0.09 3.58 6.16 9.93 




The milk was UHT treated using a modified DSI process in the pilot plant of Fonterra Research 
and Development laboratory. 
A standard direct steam injection UHT process was used as a control in which milk was pre-
heated to 80 °C and held at temperature for 30 s, flash cooled to 75 °C, cooled to 20 °C, then 
sterile packed in to 400 ml PET containers, and stored in a dark temperature controlled room 
at 20 °C. The batches used as the controls are same as batches W13154 and W13156 described 
in Section 6.4. Two modified plant configurations were used to include extra heating (Figure 
6.10); (1) increasing the hold time of pre-heat to 300 s and using different pre-heat temperatures 
- 80, 90, and 100 °C, or (2) including a 300 s post-flash heating step to heat and hold milk at 
75, 80, 90, and 100  °C. A hold period of 300s was chosen to allow enough time to cause high 
denaturation levels of β-lactoglobulin and their subsequent association with the casein micelles. 
Batches processed in each configuration were processed on separate days. The milk was 
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Figure 6.10: Time/temperature profiles for the studied configurations; (a) control, (b) Pre-heat, (c) Post-flash heat 
6.4.3. RESULTS AND DISCUSSION 
6.4.3.1. SEDIMENT WEIGHT 
The sediment that had accumulated at the bottom of UHT milk containers at the end of 4 weeks 
dark storage was measured according to Section 3.1.1 and the data is plotted in Figure 6.11. 












































































lower controls to compare the effect of prolonged preheat and high heat treatment used in this 
section. The increase in pre-heating hold time at 80 °C produced the same level of sediment as 
the upper control level. An increase in pre-heat temperature led to more sedimentation than the 
control, though the sediment produced by 100 °C pre-heat was slightly less than 90 °C. It was 
possible that a further increase in pre-heat temperature would cause further sedimentation 
reduction, but it might still be higher than the control. In contrast, milks heated with an 
additional post-flash heat step displayed lower sedimentation than the control samples. Also, 
in contrast to pre-heat milks, increasing the temperature of the hold period further reduced 
sedimentation. The result shows that increase of pre-heat hold increases sediment whereas post-
flash heat reduces sedimentation.  
 
Figure 6.11: Sediment weight developed in the UHT milks produced by two modified DSI processes after 4 weeks 
dark storage at 20 °C. Error bars are ± 1 standard deviation of duplicate runs. 
6.4.3.2. WHEY PROTEIN DENATURATION 
The denaturation of β-lactoglobulin in these runs was measured according to the method 
described in Section 3.1.11 and plotted in Figure 6.12. The denaturation values according to 
the kinetic parameters supplied by Oldfield (1996) were also plotted in the same Figure 6.12. 
Processing with the control configuration denatured 57% β-lactoglobulin. Processing with the 
other two configurations resulted in higher denaturation values which increased with the 
temperature of heating. For the extra heating in the two modified configurations, post-flash 
heat gave slightly higher denaturation, and this difference reduced as post-flash heating 
temperature increased. All post-flash heat runs had 30 s pre-heating at 80 °C. According to 
Oldfield (1996) and Kessler and Beyer (1991) heating milk at 80 °C for 30 s can cause 5-7% 
whey protein denaturation. At 90 and 100 °C heating the experimental denaturation levels were 











































approaches completion, the impact of the standard pre-heating (80 °C 30 s) extra heating 
appears less prominent. Despite having comparable denaturation of β-lactoglobulin for a given 
temperature, the prolonged pre-heat increased sedimentation while post-flash heat reduced it 
(Figure 6.11). Clearly there is not a direct association between denaturation of β-lactoglobulin 
and sedimentation. 
 
Figure 6.12: β-lactoglobulin denaturation caused by two heat treatments. Error bars are ± 1 standard deviation of 
duplicate runs. 
6.4.3.3. REDUCED SDS PAGE 
Milk serums before and after UHT treatment were analysed for β-lactoglobulin using reduced 
SDS PAGE as outlined in Section 3.1.8. The area under the β-lactoglobulin peak was taken as 
proportional to the amount present in the serum. The difference between pre-UHT and UHT 
serum corresponds to β-lactoglobulin that has associated with micelles during UHT treatment. 
This difference is plotted below in Figure 6.13. 
 
Figure 6.13: β-lactoglobulin association with the micelles in UHT milks produced using two types of treatment at 
different pre-heat and post-flash heat temperatures. Simulation values are using kinetic parameters of Oldfield 






































































The predicted values according to the kinetic parameters determined by Oldfield (1996) are 
also plotted in Figure 6.13 as dashed lines. The error bars are standard deviations from the 
values of duplicate batches run on separate SDS microchips. The variation between the 
duplicate pre-heat runs was approximately ± 10% while in post-flash heat runs it was minimal. 
The variation from different micro gels can be typically 5%.  
The predicted values were higher than the calculated values. Oldfield (1996) in his study used 
a heat exchanger to heat the milk to 65 °C, then used direct steam injection to heat the milk to 
the desired temperature and holding them there for different time periods and flash cooled to 
70 °C, and then cooled using a heat exchanger. The heating profiles used in this study were 
different. In the Oldfield (1996) case all the denaturation and association reactions would have 
taken place only in the holding tube, while in our study these reactions would have taken place 
over a range of temperatures in the pre heater, pre-heat holding tube, DSI holding tube, post-
flash heater, post-flash holding tube, and post-flash cooler. 
The measured data showed that there was little difference in whey protein association in pre-
heat runs with increasing temperature, while in the post-flash heat configuration there is a more 
significant trend of whey protein association with micelles with increasing temperature.  
Changing the process configuration would affect not only how the denaturation of the whey 
protein and their association with the casein micelles progresses during processing, but also 
how the dissociation of κ-casein from the micelle progresses, which will in turn affect the 
amount of whey protein that remains with the casein micelles at the end of processing. 
During heating, denatured β-lactoglobulin forms a covalent disulphide bond with micellar κ-
casein. Micellar κ-casein dissociates from the micelle on heating and the amount of dissociation 
depends on the temperature of processing & milk pH. At 144 °C approximately 50% of the 
micellar κ-casein dissociates from micelles and moves to the serum phase.  
Using kinetics for dissociation of κ-casein dissociation (Section 2.2.1) and β-lactoglobulin 
association with the casein micelle (Section 2.2.2.3) the amounts of micellar κ-casein and β-
lactoglobulin associated with the micelle during the different stages of UHT treatment were 





Figure 6.14: Simulations of micellar κ-casein (Anema, 1998) and β-lactoglobulin (Oldfield, 1996) during the pre-heat 
(a) and post flash heat (b) runs. Data for Anema (1998) was extrapolated to 144 °C to cover the temperature range. A 
proportionate β-lg dissociation step in included in the pre-heat runs. 
In the pre-heat configuration, as the milk passed through pre-heat hold section, some κ-casein 
dissociated from the casein micelles. Increased dissociation was observed with increased 
temperature. For all studied temperatures, the β-lactoglobulin association reaction also almost 
complete by the time milk reached end of the pre-heat hold. As the milk entered the DSI section 
and was heated to 144 °C, more κ-casein dissociated. As the final amount of κ-casein remaining 
on the micelles depends on the temperature (Section 5.3.3), all milks would have reached a 
similar level of micellar κ-casein despite the pre-heat temperature. So, the milk preheated at 
100 °C suffered least dissociation in the DSI section, and milk preheated to 80 °C the most. 
Milks entering the DSI section already have β-lactoglobulin covalently linked with the micellar 
κ-casein and the highest levels in the milks preheated at highest temperature. At this stage a 
few assumptions are made: (1) In the pre-heat hold section β-lactoglobulin associated evenly 
across the micellar surface, (2) covalently β-lactoglobulin linked and unlinked κ-casein 








































90, & 100 °C)
80 °C micellar β-lg 
90 °C micellar β-lg 
100 °C micellar β-lg 


































































80 °C micellar κ-cn
90 °C micellar κ-cn
100 °C micellar κ-cn
80 °C micellar β-lg 
90 °C micellar β-lg 


























that as the milk enters DSI section and is heated to 144 °C and some κ-casein dissociates from 
the micelles, a proportionate amount of β-lactoglobulin that associated with micellar κ-casein 
during pre-heat hold also moves with them from the micelles into the serum phase. This 
proportionate amount of β-lactoglobulin dissociation in the DSI section is also shown in the 
simulations in the Figure 6.14. This dissociation of β-lactoglobulin with micellar κ-casein 
(Figure 6.14(a)) can account for less β-lactoglobulin associating with the micelles than 
predicted by using Oldfield (1996) kinetics in Figure 6.13. 
On the other hand, in the post-flash heat configuration (Figure 6.14(b)) no association of β-
lactoglobulin would have taken place with the micellar κ-casein at the end of 30 s pre-heat hold 
at 80 °C, while 28% of micellar κ-casein would have dissociated. As the milk entered DSI 
section another 22% of micellar κ-casein dissociated from the micelles and as there was no β-
lactoglobulin was covalently linked with any casein, no proportionate loss similar to pre-heat 
configuration runs would have occurred. During the DSI hold, about 10% of total β-
lactoglobulin associated with the casein micelles. As the milk entered additional post-flash heat 
and 300 s hold section, an increased amount of β-lactoglobulin would have associated with the 
micelles with increasing temperature.  
The pre-heat treatment led to an increase in sedimentation while post-flash treatment led to a 
reduction (Figure 6.11). The β-lactoglobulin association results in pre-heat treated milks have 
too much uncertainty Figure 6.13 to confirm if the increase in sediment was due to less or more 
β-lactoglobulin association with the micelles. 
6.4.3.4. MICELLE SIZE 
The micelle size was measured according to the method described in Section 3.1.3 and the 
results are plotted below in Figure 6.15. The difference in the size between the batches used 
for pre-heat and post-flash heat trials was about 10-15 nm. UHT treatments caused little change 
to the size. This difference can be due to differences between box of cuvettes or day to day 
variability as pre-heat and post-heat runs were conducted on different days and the 
measurements were done a day after each set of runs. However, Malvern Mastersizer D[4, 3] 




Figure 6.15: Micelle diameter of unprocessed and UHT milks. 
6.4.3.5. PARTICLE SIZE DISTRIBUTION 
The particles size distributions were conducted a day after processing according to the method 
described in Section 3.1.4 and are plotted in Figure 6.16 and the data is shown in Table 6.8 and 
Table 6.9. Small peaks between 1 µm and below 100 µm were present in the pre-UHT milks. 
This was assumed to be from the insoluble particles in the reconstituted skim milk (see 
discussion in Sections 5.4.3 and 6.2.3.3. The d(0.5) for both pre-heat and post-flash heat runs 
showed little change with hold temperature (Table 6.8 and Table 6.9). However, d(0.9) and 
D[4, 3] showed a clear increasing trend with increasing temperature (Figure 6.18). The increase 
was higher for pre-heat runs with a much higher change from 80 °C to 90 °C, compared to 90 
°C to 100 °C. This matches well with the change in kinetics of whey protein denaturation and 
association (Section 2.2.2.3). Again the lesser increase in post-flash heat hold may be attributed 
to the way in which κ-casein dissociates at different places in the two different processes and 
how it affects the whey protein association with the casein micelle (see Section 6.4.3.3). 
 











































































Figure 6.17: Typical particle size distribution in UHT milks; a) pre-heat and b) post-flash heat treatment (same as 
Figure 6.16 with different horizontal and vertical scales. 
Table 6.8: Particle Size Distribution Data for pre-heat runs. Values are average for duplicate runs. 
Sample Name d(0.5) d(0.9) D[3, 2] D[4, 3] Vol % Vol % Vol % 
 (µm) (µm) (µm) (µm) > 0.5 µm > 1.3 µm > 2.7 µm 
unprocessed 0.124 0.294 0.108 2.045 7.17% 6.50% 6.45% 
80 °C 0.129 0.296 0.112 0.738 6.43% 5.63% 5.59% 
90 °C 0.137 0.4145 0.119 1.0815 9.22% 8.21% 7.99% 
100 °C 0.14 0.422 0.121 1.156 9.15% 7.90% 7.66% 
 
Table 6.9: Particle Size Distribution Data for post-flash runs. Values are average of duplicate runs. 
Sample name d(0.5) d(0.9) D[3, 2] D[4, 3] Vol % Vol % Vol % 
 (µm) (µm) (µm) (µm) > 0.5 µm > 1.3 µm > 2.7 µm 
unprocessed 0.125 0.268 0.109 0.992 4.83% 3.88% 3.79% 
75 °C 0.127 0.2645 0.109 0.372 3.55% 2.65% 2.55% 
80 °C 0.127 0.2675 0.11 0.3785 3.66% 2.73% 2.64% 
90 °C 0.1335 0.286 0.115 0.3795 4.00% 2.66% 2.51% 
100 °C 0.1365 0.299 0.117 0.357 4.20% 2.65% 2.31% 
 
The sediment wet weight (Error! Reference source not found.), D[4, 3] and calculated 
settling velocity at that D[4, 3] is plotted in Figure 6.19. Similar to Sections 5.2.3, 5.3.3, 5.4.3, 
and 6.2.3.3, there is a good correlation between D[4, 3] and calculated settling velocity with 













































Figure 6.18: Pre-heat and post-flash heat UHT milk micelle diameter comparison; (a) d(0.9) and b (D[4, 3]. Values 
are average of duplicate runs 
 
 
Figure 6.19: Sediment wet weight (primary vertical axis), D[4, 3] and settling velocity (secondary vertical axis) for the 
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6.4.3.6. PH AND IONIC CALCIUM 
The pH and ionic calcium were measured using the method described in Sections 3.1.5 and 
3.1.7 respectively. The pH values of all milks were comparable (Table 6.10), but the ionic 
calcium levels in the post-flash runs was 0.1 mM less than pre-heat runs. Pre-heat and post-
flash heat runs were conducted on separate days, so the measurements were taken on separate 
days using separate standard curves. Such differences are common even when the same sample 
was measured using a different standard curve. It is reasonable to say that the difference in the 
sediment produced by pre-heat and post-flash runs was not due to a difference in ionic calcium 
level.  
Table 6.10: The values of pH and ionic calcium in the different batches of unprocessed and processed milks 




W13049 Reconstituted milk used for pre-heat runs 6.75 1.55 
W13050 UHT milk pre-heat @ 80 °C 6.76 1.49 
W13051 UHT milk pre-heat @ 90 °C 6.75 1.50 
W13052 UHT milk pre-heat @ 100 °C 6.72 1.47 
W13053 UHT milk pre-heat @ 90 °C 6.73 1.52 
W13054 UHT milk pre-heat @ 100 °C 6.74 1.52 
W13055 UHT milk pre-heat @ 80 °C 6.75 1.57 
W13056 reconstituted milk used for post-flash runs 6.76 1.42 
W13057 UHT milk post-flash heat @ 75 6.75 1.40 
W13058 UHT milk post-flash heat @ 80 6.76 1.40 
W13059 UHT milk post-flash heat @ 75 6.76 1.38 
W13060 UHT milk post-flash heat @ 100 6.75 1.38 
W13061 UHT milk post-flash heat @ 80 6.76 1.40 
W13062 UHT milk post-flash heat @ 100 6.74 1.40 
W13063 UHT milk post-flash heat @ 90 6.75 1.43 
W13064 UHT milk post-flash heat @ 90 6.75 1.41 
 
6.4.4. CONCLUSIONS AND RECOMMENDATIONS  
 Increasing the holding time at the pre-heat temperature had no effect on 
sedimentation at 80 °C but had a detrimental effect at higher temperatures. 
 Additional post-flash heating reduced sedimentation and gave reduced 
sedimentation with increasing temperature. 
 Post-flash heating gave only a slight improvement in sedimentation and reduced 
it to below 2.5 g (400 g milk)-1 only at 100 °C. This time-temperature treatment 
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can develop cooked flavors (not tested here) and take away the main advantage 
of direct UHT treatment.   
 If the results had displayed a higher reduction in sedimentation, then optimization 
of holding time would have been the next logical step. But, as the improvement 
was only minor and increasing the holding time will only cause more cooked 
flavors, post-flash heating need not be explored any further. 
 It is recommended to check results using fresh skim milk and without added 
CaCl2. 
 
Indirect UHT reduces the sedimentation to half that of DSI. The indirect process uses slow 
heating to UHT temperatures, followed by slow cooling. It was possible that either one or both 
of these steps are necessary to produce a product that was stable against sedimentation. The 
next section explores this further.  
 DIRECT AND INDIRECT UHT COMBINATIONS 
6.5.1. INTRODUCTION 
Direct UHT produces twice the amount of sediment as indirect UHT milk (see Section 4.3.1). 
The previous experiments have established that it was not only the steady state reactions, but 
rather, the unsteady state reactions in the indirect UHT process that might be important. This 
section explores whether it was the heating or the cooling part of the indirect UHT process that 
leads to reduced sedimentation.  
An earlier experiment has shown that thermal and hydrodynamic factors in the direct steam 
injection do not affect κ-casein dissociation (Section 5.2) and whey protein denaturation 
(Section 6.3). This section explores if the flash cooling causes an increase in sedimentation. 
6.5.1.1. HYPOTHESES 
 In the direct UHT process, the flash cooling step does not contribute to more 
sedimentation compared to indirect cooling. 
 In the indirect UHT process, slow heating to high heat temperature is more 
important in reducing sedimentation than slow cooling.  
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6.5.2. MATERIALS AND METHOD 
Reconstituted milk was made by dissolving low heat skim milk powder and 0.0007 g 
CaCl2.2H2O (kg milk)
-1 in reverse osmosis water at 45 °C for 30 min. The milk was cooled to 
4 °C and divided into three batches W13158, W13159, and W13160 and adjusted to 10.8, 9.6, 
and 8.4 g (100 ml)-1 total solids by adding chilled reverse osmosis water. 
Three UHT plant configurations were used to process one or more of the three reconstituted 
milk batches as shown in Figure 6.20.  
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Configuration 1 was a standard DSI process and results in a product of same concentration as 
the feed. Configuration 2 leads to approximately 10% dilution and Configuration 3 leads to 
approximately 10% concentration. Due to this dilution and concentration phenomenon the feed 
for each configuration was chosen so that all configurations will result in one run with common 
concentration of 9.6 g (100 ml)-1. A list of batches produced using different configurations is 
given below in Table 6.11 and their composition obtained using the Milkoscan in Table 6.12. 
Table 6.11: List of batches produced using different plant configurations and the target milk concentrations before 











UHT milk TS  
(%) 
(1) DSI heat / FLASH cool  W13158 10.8 W13151 10.8 
    W13153 10.8 
  W13159 9.6 W13154 9.6 
    W13156 9.6 
  W13160 8.4 W13152 8.4 
    W13155 8.4 
(2) DSI heat / IND cool W13158 10.8 W13172 9.6 
    W13167 9.6 
  W13159 9.6 W13165 8.4 
    W13166 8.4 
(3) IND heat / FLASH cool W13159 9.6 W13169 10.8 
    W13171 10.8 
  W13160 8.4 W13168 9.6 
    W13170 9.6 
 
All runs were conducted in duplicates and in random order. Processing using Configuration 1 
was done on day 1 and using Configuration 2 and Configuration 3 on day 2. Reconstituted 
milks were stored in chilled tanks at 4 °C and were warmed to 20 °C immediately prior to UHT 
processing. The processed product was packed in 400 ml PET containers and stored in a 









Table 6.12: Composition of the unprocessed and processed milks obtained using Milkoscan. 
 Fat  
g (100 ml)-1 
Protein 
g (100 ml)-1 
Lactose 
g (100 ml)-1 
TS 
g (100 ml)-1 
W13158 0.07 3.79 6.83 10.92 
W13159 0.08 3.35 5.99 9.66 
W13160 0.09 2.92 5.13 8.5 
W13151 0.07 3.78 6.81 10.94 
W13152 0.08 2.87 5.1 8.42 
W13153 0.07 3.77 6.78 10.9 
W13154 0.07 3.31 5.93 9.64 
W13155 0.08 2.88 5.11 8.47 
W13156 0.08 3.19 5.78 9.37 
W13157 0.07 3.29 5.88 9.58 
W13165 0.08 2.92 5.19 8.54 
W13166 0.09 2.92 5.18 8.54 
W13167 0.07 3.34 5.97 9.73 
W13168 0.07 3.24 5.77 9.46 
W13169 0.06 3.7 6.62 10.74 
W13170 0.07 3.27 5.79 9.47 
W13171 0.06 3.7 6.67 10.74 
W13172 0.07 3.34 5.97 9.74 
6.5.3. RESULTS AND DISCUSSION 
6.5.3.1. SEDIMENT WEIGHT 
The sediment that developed at the bottom of milk containers of different batches after 4 weeks 
of dark storage at 20 °C was measured according to the method described in Section 3.1.1 and 
the results are plotted in Figure 6.21. The results show that the studied levels of total solids did 






Figure 6.21: Sediment in the different UHT milks at the end of 4 weeks dark storage. Error bars are ± 1 standard 
deviation of duplicate runs. 
In the experiments configuration 1 was the control (standard direct UHT) used to test the 
effectiveness of the other two configurations in reducing sedimentation. Configuration 2 
increased sedimentation while configuration 3 reduced it. This result shows that removal of the 
flash vessel will lead to an increase in sedimentation. Protein is possibly going through a range 
of unfolding and polymerization states and some of these may impart different steric stability 
to the micelles.  Possibly the polymers of whey proteins that react to casein micelles during the 
cooling part of configuration 2 increase sedimentation. Flash cooling in the configuration 1 
would have eliminated these reactions and hence this led to reduced sedimentation. However, 
it was possible that the slow cooling after slow heating as in classical indirect UHT does not 
causes these sediment forming casein whey aggregates as the majority of association has 
already occurred.  
Sediment reduction in configuration 3 shows that the polymers of the whey proteins that 
associated to casein micelles during the heating part of indirect UHT may be more important 
in reducing sedimentation. The direct steam injection eliminates this stabilizing phase and 
hence causes more sedimentation. From the results of the earlier experiments, indirect UHT 
forms half the sediment compared to direct UHT and would be similar to, or 0.2 g (400 g)-1 
less than, the sediment produced by configuration 3. It was speculated that configuration 3 will 
give similar sediment as indirect UHT and slightly less cooked flavor. However, the milk will 
need to be standardized to lower total solids to account for concentration that takes place in 
configuration 3. It will be less cost effective as the volume to be heated will be 10% more than 
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IND heat / FLASH cool (config-3)
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6.5.3.2. WHEY PROTEIN DENATURATION 
β-lactoglobulin denaturation was measured according to the method described in Section 3.1.11 
and the results are plotted in Figure 6.22. It is evident that increasing the milk total solids 
concentration resulted in increased β-lactoglobulin denaturation. This was in agreement with 
the literature (Anema, 2008a). The difference in β-lactoglobulin denaturation in 8.4% and 
10.8% TS UHT milks processed by configuration 1 was 6% which may not result in significant 
increase in β-lactoglobulin association with the casein micelle and hence increased micelle 
stabilization to cause sediment reduction.  
 
Figure 6.22: β-lactoglobulin denaturation caused by heating milks using different plant configurations. Error bars 
are ± 1 standard deviation of duplicate runs. 
6.5.3.3. REDUCED SDS PAGE 
The denatured β-lactoglobulin associated with the casein micelles was measured using reduced 
SDS PAGE. The samples were prepared according to the method described in Section 3.1.8. 
The association results for UHT milks containing 9.6 g (100 ml)-1 total solids are plotted in 
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Figure 6.23: β-lactoglobulin association with the micelles in the 9.6% TS UHT milks caused by three UHT plant 
configurations. Error bars are ± 1 standard deviation of duplicate runs. 
Figure 6.24 shows the sediment weight of 9.6% TS milks (primary vertical axis), and 
corresponding β-lactoglobulin denaturation and β-lactoglobulin association with the micelles 
(secondary vertical axis). These denaturation and association values show that there was no 
trend of reduced sedimentation with either increasing denaturation or with increasing 
association of β-lactoglobulin with casein micelle. Configuration 2, despite resulting in higher 
denaturation and β-lactoglobulin association with casein micelles has resulted in higher 
sedimentation. Configuration 3 caused the most denaturation and β-lactoglobulin association 
with casein micelle and has resulted in the least sediment. It can be speculated that the nature 
of aggregated β-lactoglobulin that associates with the casein micelles during heating from 80 
to 144 °C during indirect UHT imparts stability, and while cooling from 144 to 80 °C imparts 
instability. It was further speculated that not only the amount of β-lactoglobulin associating 
with the casein micelles, but also the extent and nature of polymerized β-lactoglobulin strands 
was important for stabilizing the casein micelles against sedimentation. Mottar et al. (1989) 
reported that different heat treatment led to different micelle surface as observed under electron 
microscope. Direct UHT treatment led to a rough filamentous micelle surface, while indirect 
UHT treatment led to a smoother micelle surface. This was explained as a consequence of 
incorporation of more α-lactalbumin between the β-lactoglobulin filaments which gave them a 







































Figure 6.24 Sediment in UHT milks containing 9.6 g/100 ml total solids (primary vertical axis) and 
corresponding β-lactoglobulin denaturation and β-lactoglobulin association with the casein micelles 
(secondary vertical axis). Error bars are ± 1 standard deviation of duplicate runs. 
6.5.3.4. PH AND IONIC CALCIUM 
The pH and ionic calcium values were measured using the method described in Section 3.1.5 
and 3.1.7. The pH and ionic calcium levels in all the batches were comparable. The maximum 
pH and ionic calcium difference between UHT batches was 0.09 and 0.19 mM. The difference 
was minimal given the variability of the test. 





















































































β-lg with micelle 
Milk  pH Ionic calcium 
  (mM) 
W13158  6.73 1.54 
W13159 6.75 1.53 
W13160 6.78 1.51 
W13151 6.70 1.37 
W13152 6.76 1.31 
W13153 6.70 1.40 
W13154 6.73 1.39 
W13155 6.76 1.40 
W13156 6.73 1.44 
W13157 7.70 1.46 
W13165 6.74 1.40 
W13166 6.73 1.43 
W13167 6.70 1.50 
W13168 6.70 1.46 
W13169 6.67 1.44 
W13170 6.70 1.43 
W13171 6.67 1.47 
W13172 6.70 1.44 
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6.5.3.5. MICELLE SIZE 
Micelle diameter was measure using the Zetasizer according to the method described in Section 
3.1.3 and is plotted in Figure 6.25. The micelle diameters of all the UHT milks were comparable 
except in the case of Configuration 3. However, given the uncertainties it is likely that this 
difference was due to measurement uncertainty rather than being real.   
 
Figure 6.25: Micelle diameter of unprocessed and UHT milks measured one day after processing. Error bars are ± 1 
standard deviations of duplicate runs 
6.5.3.6. PARTICLE SIZE DISTRIBUTION: 
Particle size distribution was measured according to the method described in Section 3.1.4. and 
the typical results are plotted in Figure 6.26. Particle size distribution showed some large 
particles present in the unprocessed milks. The UHT processing led to a reduction in this peak 
and a combination of indirect heat followed by a flash cooling step completely eliminated this 
peak. It was likely that this peak corresponded to insoluble particles present in the skim milk 
powder and not any new inter-micellar aggregates forming during processing (see discussion 
in Sections 5.4.3 and 6.2.3.3). If, as proposed earlier, the insoluble particles foul on the heat 
exchanger surfaces then it should have been true for both Configuration 2 and Configuration 
3. However, the fact that none of the four batches processed by Configuration 3 contain this 
peak raises a possibility that some aggregates could have formed during DSI heating in the 
other batches. The third configuration was the last in the processing order. This may have 
allowed for longer hydration and hence dissolution of any un-dissolved particles. The gap 
between Configurations 2 and 3 runs was only of a couple of hours which might not be enough 
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processing order of configuration. But due to time constraints and plant availability it was not 
feasible to change configurations multiple times.  
In this experiment little sediment correlates well with no peak around 10 µm, but the same was 
not the case in Section 5.4.3.  
 
Figure 6.26: Typical particle size distribution in (a) pre-UHT milk, and UHT milk processed by; b) Configuration 1( 
DSI heat / FLASH cool), c) Configuration 2 (DSI heat / INDIRECT cool), and d) Configuration 3 (INDIRECT heat / 

























































































Table 6.14: Particle size distribution data of the unprocessed and UHT treated milks processed by three different 










Vol %  
> 0.5 µm 
Vol % 
> 1.3 µm 
Vol % 
> 2.7 µm 
Unprocessed Milk       
10.80% 0.125 0.267 0.109 0.78 4.88% 3.89% 3.81% 
9.60% 0.125 0.267 0.109 0.764 4.82% 3.78% 3.7% 
8.40% 0.125 0.27 0.109 0.819 5.10% 4.05% 3.97% 
        
Configuration 1 (DSI heat / FLASH cool)     
10.80% 0.129 0.259 0.111 0.235 2.50% 1.05% 0.86% 
9.60% 0.129 0.259 0.111 0.207 2.22% 0.74% 1.82% 
8.40% 0.128 0.258 0.111 0.291 2.75% 1.47% 3.35% 
        
Configuration 2 (DSI heat / INDIRECT cool)     
10.80%        
9.60% 0.132 0.274 0.113 0.282 3.27% 1.53% 1.29% 
8.40% 0.132 0.277 0.114 0.365 3.79% 2.20% 2.01% 
        
Configuration 3 (INDIRECT heat / FLASH cool)     
10.80% 0.131 0.264 0.112 0.159 1.69% 0.19% 0% 
9.60% 0.13 0.259 0.111 0.156 1.56% 0.14% 0% 
8.40%        
 
 
Figure 6.27: Sediment wet weight (primary vertical axis), D[4, 3] and settling velocity (secondary vertical axis) for the 
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6.5.4. CONCLUSIONS AND RECOMMENDATIONS  
 The flash vessel does not increase sedimentation in the direct UHT milk.  
 Indirect heating reduces sedimentation but indirect cooling does not.  
 Indirect heating followed by flash cooling might improve flavor but would be less 
cost effective. 
 Different heating rates in the indirect UHT process should be explored to see the 
impact on sedimentation. 
 
 OVERALL CONCLUSIONS AND RECOMMENDATIONS 
Two possible ways to increase β-lactoglobulin association were tested.  
Addition of the WPI reduced sedimentation in indirect UHT milk, but increased it in the direct 
UHT milk. The proposed reason for this was the increased dissociation of κ-casein from the 
micelles with increasing WPI addition in the direct UHT treated milks. The κ-casein 
dissociation in the indirect UHT milk did not follow the same trend. This was possibly due to 
the different heating profiles.  
Altering the DSI process to include extended heating periods showed that extra pre-heating 
increases sedimentation, but additional post-flash heat reduces sedimentation, but only slightly. 
The mixed UHT experiments showed that indirect heating followed by flash cooling reduces 
sedimentation to the level known to be shown by indirect UHT. In contrast, direct steam 
injection heating followed by indirect cooling led to an increase in sedimentation as compared 
to direct steam injection when followed by flash cooling. It is hypothesized that the type of 
whey protein polymer that forms during slow heating imparts the stable nature to the casein 
micelles that prevents them from self-aggregating and hence reduces sedimentation. In this 
study only one rate of heating was studied, so it is recommended that different heating rates be 




ASSOCIATION: INTER-MICELLAR AGGREGATION DURING 
STORAGE 
 INTRODUCTION 
During the storage of UHT milk, the interaction between casein micelles is affected by the 
ionic environment of the milk serum (Walstra, 2005a). The ionic strength of a solution is a 
measure of the concentration of ions in that solution and can be calculated using the following 











An increase in the ionic strength of milk leads to a thinning of the electrical double layer around 
the micelle (reduction in Zeta potential) (Gaucheron, 2011) and so reduces the electrostatic 
repulsion between the two approaching micelles. This increases the chance of inter-micellar 
aggregation.  
When two micelles approach closer due to Brownian motion, the hairy layers of the micelles 
may overlap. Hairs of both micelles will frequently touch one another if the hairy layers overlap 
during an encounter. Cross-linking between reactive groups on the chains may occur if such 
groups happen to touch. The probability that linkages form presumably increases with 
increasing interpenetration depth of the hairy layers. Such linkages may be salt bridges, 
especially –Ca– bridges between negatively charged groups. The –Ca– bridges are very short-
lived, so, numerous such bridges bonds presumably must be simultaneously formed between 
two micelles for the contact to be lasting (Walstra, 2005a).  
It was a common observation that increasing the soluble calcium salt increases sedimentation 
in milk (Lewis et al., 2011). This study aims to understand if the reduction in the ionic double 





Inter-micellar aggregation during storage of UHT milks was caused by actual ionic calcium 
bridging and is not due to thinning of the electrical double layer around the micelles due to the 
increased ionic strength of the milk. 
 EXPERIMENTAL  
Recombined milk was made by dissolving low heat skim milk powder in reverse osmosis water 
at 45 °C for 30 minute to get the total solids concentration of 9.6 g / 100 ml milk. As a reference 
value, the recombined milk was assumed to have the ionic strength of 80 mM (typical average) 
and was used as control.  
Ion conductivity was an indicator of the ionic strength of a solution. If fully dissociated (ideal) 
1 mM of CaCl2 yields three times the ionic strength increase of 1 mM KCl. However, in milk 
the calcium distributes itself between the micellar and the serum phase and hence the ideal 
ionic strength was not the same as the actual. It was found that equimolar addition of CaCl2 
and KCl resulted in similar ion conductivity in milk. In order to allow comparison of the ideal 
as well as the actual ionic strength, two levels of CaCl2 (1 and 3 mM) and three levels of KCl 
(1, 3, and 9 mM) additions were used. Ideal ionic strength and conductivity values achieved by 
different salt addition are given in Table 7.1. 
Table 7.1: Ideal ionic strength and ion conductivity of milks prior to UHT treatment. The values in the last column 
are the average of four different batches ± one standard deviation before being processed as duplicate DSI and 
indirect UHT runs. 
Milk 




Control  80 5.29 ± 0.02 
1 mM CaCl2 83 5.40 ± 0.01 
3 mM CaCl2 89 5.62 ± 0.01 
1 mM KCl 81 5.40 ± 0.06 
3 mM KCl 83 5.58 ± 0.01 
9 mM KCl 89 6.13 ± 0.02 
 
All milks were processed using both direct steam injection and indirect UHT treatment using 
the MicroThermics® E series miniature UHT processor in the Fonterra Research and 
Development Center’s Application Development Laboratory (Section 5.2.2). The direct steam 
injection and indirect treatments were conducted on consecutive days. Milks with CaCl2 and 
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KCl were processed on consecutive weeks. All runs were done in duplicate and in a random 
order. For duplicate runs the milks were reconstituted separately on the day of processing. The 
treated milks were packed into 400 ml sterile PET containers and stored at 20 °C in a dark 
temperature controlled room. 
The UHT process profile is shown in Figure 7.1, and the ionic calcium and conductivity before 
and after UHT is tabulated in Table 7.2. 
 
Figure 7.1: Process flow for the direct and indirect UHT treatment. (THE – tubular heat exchanger of residence time 
of 1 min) 
 
Table 7.2: pH, ionic calcium and conductivity values before and after DSI and indirect UHT treatment. 
  CaCl2  pH  Ionic calcium Conductivity 
 (mM)   (mM) (mS cm-1) 
   pre UHT UHT pre UHT UHT pre UHT UHT 
DSI 0 6.69 6.68 1.24 1.31 5.27 5.13 
 0 6.68 6.66 1.24 1.36 5.30 5.22 
 1 6.67 6.65 1.35 1.44 5.40 5.43 
 1 6.68 6.65 1.38 1.45 5.41 5.14 
 3 6.65 6.61 1.64 1.71 5.61 5.23 
 3 6.65 6.62 1.73 1.71 5.64 5.45 
Indirect 0 6.71 6.64 1.21 1.24 5.31 5.29 
 0 6.70 6.62 1.23 1.20 5.27 5.29 
 1 6.71 6.63 1.31 1.31 5.40 5.41 
 1 6.70 6.62 1.33 1.28 5.39 5.41 
 3 6.67 6.58 1.66 1.57 5.61 5.61 


























  KCl  pH  Ionic calcium conductivity 
  (mM)   (mM) (mS cm-1) 
  pre UHT UHT pre UHT UHT pre UHT UHT 
DSI 1 6.69 6.71 1.27 1.23 5.37 5.22 
 1 6.69 6.67 1.27 1.22 5.48 5.23 
 3 6.69 6.68 1.27 1.27 5.57 5.40 
 3 6.70 6.68 1.26 1.25 5.59 5.48 
 9 6.69 6.68 1.31 1.31 6.14 5.95 
 9 6.70 6.67 1.33 1.28 6.15 5.97 
Indirect 1 6.75 6.67 1.30 1.35 5.35 5.37 
 1 6.71 6.64 1.34 1.40 5.38 5.41 
 3 6.73 6.65 1.35 1.40 5.57 5.57 
 3 6.70 6.63 1.35 1.38 5.57 5.60 
 9 6.70 6.64 1.42 1.48 6.12 6.13 
 9 6.71 6.64 1.41 1.50 6.12 6.12 
 RESULTS AND DISCUSSION 
7.3.1. SEDIMENT WEIGHT 
Sediment weight developed at the bottom of the containers after 4 weeks of dark storage was 
measured according the method described in Section 3.1.1 and the results are plotted in Figure 
7.2. In the control milk (no salt addition) and CaCl2 containing milks, DSI treatment led to 
higher sedimentation than indirect heating treatment. Addition of CaCl2 increased 
sedimentation in both DSI and Indirect milks. The increase was small and linear for indirect 
milks, but it appeared to be exponential in DSI milk (Figure 7.2 (a)).  
Whether compared on the basis of theoretical ionic (Figure 7.2 (a)) or measured ionic 
conductivity (Figure 7.2 (b)), DSI treated milks containing CaCl2 produced more sediment than 
milks containing KCl. In contrast, indirect UHT milks containing CaCl2 produced similar 
amounts of sediment as milks containing KCl. 
In the indirectly treated milks, additions of KCl led to a small successive increase at 1 mM, and 
3 mM concentration, followed by a decrease at 9 mM concentration. In the DSI treated milks 
addition of KCl resulted in a reduction in sediment. A higher reduction was observed at 1 and 
3 mM concentrations than at 9 mM. 
During the DSI treatment of KCl milks, the high heater holding tube temperature dropped from 
144 to 142. This 2 °C drop was not expected to cause apparent difference in sedimentation. 
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The higher sediment in milks containing CaCl2 supports the hypothesis that inter-micellar 
aggregation during storage of UHT milks was caused by actual ionic calcium bridging and not 
due to thinning of electrical double layer around micelles due to the increased ionic strength of 
milk.  
 
Figure 7.2: Comparison of sediment deposited at the bottom of containers after 4 weeks dark 20 °C storage in UHT 
milks with respect to; (a) salt concentration, (b) theoretical ionic strength, and (c) conductivity. Error bars are ± 1 























































































































7.3.2. MICELLE SIZE 
The micelle size of the milks before and after UHT was measured according to the method 
described in Section 3.1.3 and plotted in Figure 7.3. Micelle size for the control milks showed 
an increase after indirect UHT treatment, but a decrease after DSI. On addition of CaCl2 and 
KCl the micelle size increased post both DSI and indirect UHT treatment. KCl containing 
indirect UHT milks showed a higher increase in size as compared to DSI milks.  
 
Figure 7.3: Casein micelle diameter in UHT milks at various concentrations of added CaCl2 and KCl. Error bars are 
± 1 standard deviation of the duplicate runs. 
7.3.3. PARTICLE SIZE DISTRIBUTION:  
The particle size distribution of the milks before and after UHT treatment was measured 
according to the method described in Section 3.1.4 and the results are plotted in Figure 7.4. 
The particle size distribution data is given in Table 7.3. A small peak around 10 µm was present 
in milks before UHT. This peak remained post DSI treatment in the control milk and CaCl2 
containing milks, but disappeared in KCl containing milks.  
The main distribution peak in the control milk showed no change post DSI, but showed a slight 
shift to a larger size post indirect treatment. For CaCl2 containing milks, the distribution shifted 
to a larger size, and the shift was higher in indirect UHT treated milk. For KCl containing milks 
size distribution was unchanged post DSI, but showed the same shift as for the control milk 
post indirect treatment. 
The absence of peak at 10 µm and less sediment correlate well in this study. However, as 
discussed elsewhere, this cannot be taken as a reliable test for predicting extensive 




































Figure 7.4: Casein micelle size distribution of unprocessed and UHT treated milks; (a) DSI control, (b) Indirect 
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Table 7.3: Particle size distribution data of different milks at different levels of KCl and CaCl2 addition and before 












> 0.5 µm 
Vol % 
> 1.3 µm 
Vol % 
> 2.7 µm 
Control pre IND 0.07 0.128 0.247 0.116 0.436 3.59% 2.18% 2.04% 
control pre DSI 0.064 0.125 0.26 0.108 0.484 3.63% 2.09% 1.91% 
Control IND 0.072 0.148 0.316 0.125 0.186 3.15% 0.42% 0% 
Control DSI 0.066 0.13 0.263 0.112 0.295 3.92% 2.67% 2.56% 
         
1 mM CaCl2 pre IND 0.07 0.128 0.248 0.116 0.339 3.23% 1.94% 1.78% 
1 mM CaCl2 IND 0.068 0.139 0.292 0.118 0.173 3.44% 2.13% 2.02% 
3 mM CaCl2 pre IND 0.066 0.13 0.274 0.113 0.69 4.44% 2.77% 2.59% 
3 mM CaCl2 IND 0.075 0.165 0.381 0.136 0.213 3.53% 2.20% 2.09% 
         
1 mM CaCl2 pre DSI 0.07 0.128 0.248 0.116 0.36 3.44% 2.13% 2.02% 
1 mM CaCl2 DSI 0.067 0.134 0.284 0.115 0.379 3.84% 2.49% 2.36% 
3 mM CaCl2 pre DSI 0.07 0.129 0.25 0.116 0.387 3.53% 2.20% 2.09% 
3 mM CaCl2 DSI 0.071 0.15 0.393 0.128 0.693 7.61% 4.72% 4.23% 
         
1 mM KCl pre IND 0.064 0.125 0.26 0.108 0.432 3.56% 2.24% 2.14% 
1 mM KCl IND 0.069 0.142 0.306 0.12 0.26 3.22% 1.16% 0.84% 
3 mM KCl pre IND 0.064 0.125 0.26 0.108 0.437 3.48% 2.27% 2.16% 
3 mM KCl IND 0.069 0.142 0.303 0.12 0.177 2.48% 0.33% 0% 
9 mM KCl pre IND 0.065 0.128 0.265 0.11 0.401 3.55% 2.17% 0% 
9 mM KCl IND 0.07 0.147 0.317 0.124 0.184 2.86% 0.43% 0% 
         
1 mM KCl pre DSI 0.066 0.129 0.267 0.112 0.367 3.57% 2.06% 2% 
1 mM KCl DSI 0.066 0.129 0.255 0.11 0.155 2% 0.00% 0% 
3 mM KCl pre DSI 0.066 0.129 0.267 0.112 0.333 3.48% 1.94% 1.76% 
3 mM KCl DSI 0.066 0.131 0.263 0.112 0.159 1.98% 0.16% 0% 
9 mM KCl pre DSI 0.064 0.125 0.256 0.108 0.353 3.25% 2.02% 1.90% 






Figure 7.5: Sediment wet weight (primary vertical axis), D[4, 3] and settling velocity (secondary vertical axis) for the 



























   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   































































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   






























































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   





























































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   





































sed. wt. D [4, 3] sed. vel.
145 
 
 CONCLUSIONS AND RECOMMENDATIONS 
The results support the hypothesis that inter-micellar aggregation during storage of UHT milks 
was caused by actual ionic calcium bridging and not due to thinning of electrical double layer 
around micelles due to increased ionic strength of milk. For a sterile UHT milk which is free 
from any plasmin and bacterial protease, it can be said that ionic calcium will be a main cause 
for inter-micellar aggregation.  
Addition of small amount of KCl may help in displacing some of the divalent Ca2+ between 







OVERALL DISCUSSION & CONCLUSION  
The main objective of this study was to understand the mechanism of sedimentation and find 
ways to mitigate it. 
This study validated the literature reports that direct UHT processing produced more sediment 
than indirect UHT. This was true for fresh, reconstituted and recombined milks and true at 0% 
and 1.5% fat levels. Literature generally recommends a downstream homogenizer in the UHT 
processes to reduce sedimentation, but this was not found to be beneficial in this study.  
In agreement to literature sediment was found to be mostly proteins and minerals. Some fat 
was also found in the 1.5% fat containing milks. Direct and indirect UHT sediment was 
characterized for proteins and revealed that sediment was mostly composed of caseins and 
some whey protein. Both direct and indirect sediments were depleted in κ-casein. Indirect 
sediment contained more β-lactoglobulin than direct sediment. 
A four step sediment mechanism was proposed (see Section 0) in which two important protein 
reactions occurred during UHT processing: (1) destabilization: κ-casein dissociation which 
increased sedimentation and (2) stabilization: β-lactoglobulin denaturation and association 
with the casein micelles, which led to reduction of sedimentation.  
 DESTABILIZATION AFFECTS STABILIZATION  
Destabilization indeed took place and affected sedimentation. Attempts to validate different 
sedimentation rates in UHT milks containing different amount of κ-casein on the micelle 
surface were unsuccessful. However, some important learnings were made. It was found that 
κ-casein dissociation is independent of amount of κ-casein on the surface of micelle prior to 
UHT treatment. For instance, micelles that were 50% depleted in κ-casein before UHT did not 
show any depletion as a result of UHT treatment. At the same time micelles that were 25% 
depleted came to 50% depletion after UHT. It is known that κ-caseins do not exist in a uniform 
state; (1) they are present as monomers, dimers, and polymers crosslinked by disulphide bonds, 
and (2) they differ in level of glycosylation and hence the level of charge. It will make an 
interesting study to find which κ-caseins are more stable to heat induced dissociation and then 
finding means to stabilize them against this dissociation.  
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Another important finding was that both direct and indirect UHT treatment resulted in similar 
destabilization. Even though direct steam injection significantly differs from an indirect heat 
in terms of flow which results in very high steam shear and heating and cooling rates, it did not 
impact κ-casein dissociation. It is a key learning that in a UHT process it is the UHT 
temperature which affects the level of κ-casein dissociation. As the temperature is fixed, κ-
casein dissociation cannot be manipulated by processing means to reduce sedimentation.  
Even though the destabilization is temperature dependent and cannot be controlled it may 
indirectly control the association of β-lactoglobulin to the micelles during direct and indirect 
UHT treatment (see Section 6.4.3.3).  
 STABILIZATION MOSTLY DURING SLOW HEATING 
Attempts to validate different sedimentation rates with different levels of β-lactoglobulin 
associated with micelles was met with mixed success. During DSI, adding WPI to milk 
increased association of β-lactoglobulin with the casein micelles but also increased 
destabilization, and made the sedimentation worse. However, in indirect UHT, adding WPI 
increased stabilization without affecting destabilization and reduced sedimentation. 
Indirect UHT treated milk had about twice the amount of β-lactoglobulin associated with the 
casein micelles and displayed half the amount of sediment compared to DSI. Inclusion of a 
300 s pre-heating hold tube in a DSI UHT system increased the β-lactoglobulin association 
with the casein micelles, but also showed an increase in the sedimentation compared to no hold. 
However, a 300 s hold after an additional post-flash heating step increased the β-lactoglobulin 
association with the micelles and also reduced the sedimentation. It is proposed that it is not 
only the amount of β-lactoglobulin, but the nature of the polymers that associate with the casein 
micelles, that reduce sedimentation. 
When compared to DSI, indirect UHT has a slower heating step (70 – 144 °C) as well as a 
slower cooling step (144 – 70 °C). It was only logical to establish which of the steps actually 
resulted in the imparting stability to the micelles. A mixed UHT study in Section 6.5 showed 
that it was slow heating and not the slow cooling step which was important in imparting 
stability to the casein micelles.  
From this entire study it is concluded that it is the slow heating step on the indirect UHT process 
which imparts stability to the casein micelles against sedimentation. It is hypothesized that the 
polymers of β-lactoglobulin associating with the casein micelles during heating step of the 
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indirect UHT impart the steric stability to the casein micelles and stabilizes them against inter-
micellar aggregation and reduce sedimentation. This study looked at only one heating rate of 
1.9 °C s-1, more heating rates can be studied to find the optimum heating rate to further optimize 
sedimentation in the indirect UHT milks. 
 AGGREGATION BY IONIC CALCIUM BRIDGING  
The third step of the mechanism was aggregation. It was demonstrated that it is the increased 
ionic calcium bridging that likely causes micelles to aggregate and not just reduction of the 
electrical double layer due to increasing ionic strength of milk. It was observed that a small 
addition of KCl reduced sedimentation in the direct UHT milks. More work is required to 
validate the finding and to test the impact on the organoleptic properties.  
From the industrial point of view, for a given quality of milk, it will not be possible to modify 
the direct UHT process to impart similar stability to the milk as imparted by the indirect UHT 
as it would require a slow heating step. This would increase the total time spent at higher 
temperatures which would take away all the advantage of more fresh milk like organoleptic 
properties of DSI milk. 
 POSSIBLE MEASUREMENT FOR PREDICTING SEDIMENTATION 
A test to predict stability against sedimentation during storage would be highly desirable. In 
this work the D[4, 3] particle size of the milk after UHT showed a reasonable correlation with 
the sediment wet weight for the DSI milks after 4 week storage. There were some larger 
particles present in the reconstituted milk, possibly insoluble particles, prior to UHT. It is not 
certain if the larger particles in the UHT milk were the remaining insoluble or aggregates 
formed during UHT process.  More work is required to validate this finding over a range of 
milk formulations. To test the if D[4,3] is a good predictor insoluble particles will need to be 
eliminated prior to UHT from the milk. It is recommended to use either fresh skim milk or else 
use an inline 5 µm filter upstream of pre-heater when using reconstituted milk for further 




Figure 8.1: Sediment wet weight plotted against respective D[4,3] for the UHT milks. 
 
 
This study has improved the understanding of the mechanism of sedimentation and how they 
play out in DSI and indirect UHT processes. The proposed model correctly pointed to 
destabilization, stabilization, and aggregation as the key steps leading up to sedimentation. 
However, destabilization and stabilisation were found to be inter-linked and could not be 
studied in isolation from one other. Stabilization was found to be more complex than simply 
the amount of β-lactoglobulin associated with the micelles. The type of β-lactoglobulin 
polymer associating with the micelles is possibly important and intricately related to heating 

































































rates. The further research should be in the area of finding the optimum whey protein polymer 
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Appendix 1  
 




Appendix 2  
Conductivity and pH of skim milk plotted against different mM addition of CaCl2 and KCl.  
  
 
Conductivity of skim milk plotted against different mM addition of CaCl2 and KCl after  readjusting the pH to pre-



























































Milk conductivity vs. salt conc. 





Appendix 3 Shear calculation 
 
 
 
